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0 Pulaed field gel eleotroptioreale of large DflA. 

@ To separate Wgh-molecular DIvtA etrands. an eledrophoreais system Includes Aral means fbr ctianglng the 
direction of an electric fieid within an electrophoresis separaflng unit at a first frequency having a period of no 
mora than 20 seconds and second means for changing the electric field In another manner at a second 
frequency at least twice as high as the said first frequency, in one embodiment, the field strength In the direction 
of overall migrallon is selected so that, considering the DMA size and gel density, the leading segment of DNA 
to the firef comer is suffictentiy small eo that excess ftlctton forces due to bunching doee not cause excessh^e 
band spreading. The field strength Is selected so that the electric field is reduced until the changing of the 
electric field at the second frequency keeps the bunching effect to a sufficiently kw level to not seriously 
Interfere wHh the separation. 
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PULSED HELD OEL ELECTROPHORESIS OP LAHQE DHA 



This Invantion relates Id pulsed field gel eleclrophoresis of large DMA. 

In the process of separating DNA molecules by eledropTioresls, an electrtc field la applied across a gel 
to separate DNA molecides as they are moved by the Held through the gel. 

It Is known to use the charactedstlcs of the field established across the gel to control the elec- 
£ trophoresis for maximum separation. The fractfonallon of different molecular weight DNAs is presumably 
due to the sieving effect of the agarose gel matrix rather than drffering electrophoresis mobilities of the 
DNAs as found in a free (completely Bquid) medium. 

In one prior art technkjue of electrophoresis that has been used for separating DNA, a static, 
unidirectional electric field is applied to a i^NA aample reauitlng In the migration of the DISA molecuies 
70 through the agarose. This technique is referred to as continuous field etoctnsphoresis. Continuous field 
electrophoresis easily separates DNA molecules of size up to about 20.000 base pairs. 

Continuoua field electrophoresis has a disadvantage in that for DNA molecuies of sizes above 
approximately 20,000 base iwirs, separation becomes more difficult becauae the migration rate becomes 
independent of molecular size except at very low field voltages. At very low field voHages. separations tfike 
15 a long time. Usually, the practical upper limit is reached at a separation time of about two weel<9 because 
DNA degrades at temperatures suitable for electrophoresis at times longer than this. This long time period 
ia believed to be due to the extreme dlfiicully of totally eliminating nrrinuta amounts of nuclease from the 
systaan. 

Several techniques are known to be successful In resolving larger chromosome firagments. Some of 

20 these techniques are successful In rssoMng chromosome fragments larger than 1 megabase h agaroee 
gels. These techniques are different forms of pulsed field gel electrophoresis (PI=<3E) which is the resolutkxi 
of large DNA molecules by periodically changing the electric flekJ pattern during electrophoresis to produce 
DNA migratkm direction changes. These directkxi changes typlcaiiy vary from ctose to 00 degrees to 
greater than 120 degrees. Sometimea these direction changes are curved kiops, auch as a sequence of 

as curved segments wHh indhriduai angles of arc. At other times, they are a zigzag path wHh concentrated 
angle changes of direction at the comers. The changea lit fiekf pattern reorient the DNA molecirfes and the 
separating medium, thus improving D?^ separation. 

in the prior art PFQE techniques, the pulse lengths relating to changing the field pattern are of 
suffidentiy long duration to change the gross configuratkxi of the DNA, being longer than one second fn 

so duratton for the separation of large DNA. The changes in gross configuration are affected by the pulse 
duiHdon and changes In direction and may vary from realigning directkxi of a substantially straight 
ekmgated strand fo creating hooks or stalrcaae-ehaped strands. 

Each of the prior art pulsed field technkjues has the disadvantage of using a time duration for changing 
the field pattern ttiat Is In the order of a second or kjnger for separating large DNAs. 

ss Vm pulsed f»ek! gel electrophoresis (PFQE) as usually practiced, It ts easy to separate large DNA of 
size up to one mililon base pairs. Above ttiis sizs it It becomes progresslveiy more diffkxilt. In order to get 
clear separations of larger DNA, ttie fiekl voltage must be reduced and the angle-switching time increased. 
F=or example, the largest chromosome of the yeast Saccharomyces cerevislae (YPH 80) about 1.5 
megabase pairs, can be resolved In 15 hours with a fiaid switching time of 120 seconds per direction and at 

40 a field voltage of 6 volts per centimeter, tt is believed that this Is an optimum separation. However, the 8. 
pombe chKwnosomes of 3, 4.6 and 5.7 megabase pair require a switching time of 30 minutes per direction 
and a fiekf of 116 volts per centimeter. The separating time Is 3 to 6 days, it is believed tiiat ttiis Is also an 
optimum seperation. if the field voltage Is ralaed In an attempt to get a faster separation, tiie DfMA does 
indeed nrK>ve faster but it smears out ao that the bands overiap and no aeparation ia dlacemiUe. 

46 in tfie past, orthogonal pulses of duration too short to altow change In DNA oonffguratfon to take place 
were expected to appear as a vector sum, and be generally useless for separating DNA. This lack of 
separating effect was predicted In Schwartz. D.C. (1085) "Giga-Dalton Sized DNA Molecules," p. 84, 
doctoral dissertation, Columbia Univeraity (Unh^ersity Mlcrofiims International). 

THe prior art Is deficient In some respects In pnDvMing adequate explanations of why pulsed field 

60 technkiues provide the result that has been observed. As part of tiie development of the Invention, a novel 
e)9)lanation has been developed. 

According to this novel explanation, the "limitations of ordinary pulsed field gel electrophoresis (PFOE) 
for separating very large DNA occurs because of tiie electric fieM and time dependent foridng, tumbling and 
bunching ntofion of DNA tn gei. These effects have been reported and recorded on videotape cited by 
Smith. S.B., Aldridge. P.IC. and Dalles. J.B. (1989); Science 243 203-206. The videotape ahows actual 
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PULSED HELD GEL ELECTHQPHORESIS OF LARGE DNA 



This invention relates to pulsed field gel etectrophoresis of large DMA. 

In the proceaa of separating DNA molecules by electrophoresis, an electilc field Is applied across a gel 
to separate DNA molecLdea as Ifiey are moved f>y the field Uirough tiie gei. 

K ts Imown to use the characteristics of the field establistied across the gei to control ths elec- 
6 frophoresis for maximum separation. The fradionaUon of different molecular weight DNAs is presumably 
due to the sieving effect of the agarose gel matrix rather than diffaring electrophoresis mol^ifitjes of the 
DNAs as found in a free (completely Hquld) medhim. 

in one prior art technique of electrophoresis that has bean used for aeparating DNA, a stattc. 
unldirectfonal electric field is applied to a DNA aample resulting in the migration of the DNA molecules 
10 through the agarose. This technique Is referred to as continuous field electrophoreaia. Continuous field 
electrophoresis easily sepwates DNA mofecules of size up to about 20,000 base ptf rs. 

Continuous field electrophoresis has a disadvantage In that for DNA molecules of sizes above 
approximately 20.000 t>ase pairs, separation becomes more difficuit because the migration rate tiecomea 
Independent of molecular size except at very low field voltages. At very low field voltages, separations take 
15 8 long time. Usually, ttie practical upper limit Is reached at a separation time of about two weeks because 
DNA degrades at temperatures suitable for electrophoresis at times longer than thia. This long time pertod 
is believed to be due to the eixtreme dlfllcuity of totally eliminating minute amounts of nucleaae from the 
system. 

Several techniques are known to be successful In resolving larger chromosome fragments. Some of 

20 these technlquea are successful in rasotving chromosome fragments larger ttian 1 megabase in agarose 
gels. These techniques are different forms of pulsed ffeld get electrophoresia <Pf=GE} which la the resolution 
of large ONA molecules by periodically changing tiie electric fleM pattern during electrophoresis to produce 
DNA migration direction changes. These direction changes typically vary from dose to 00 degrees to 
greater than 120 degrees. Sometimes these direction changes are curved loops, such as a sequence of 

26 curved segments with Indh/iduaf angles of ara At otiier timed, tiiey are a aigzag path witii concentnated 
angle changes of direction at the comers. The changee \n fieU pattern reorient the DNA moleculea and the 
aeparating medium, tiius improving DNA separation. 

In the prior art Pf=6E techniques, tfie pulse lengtiis relating to changing the field pattern are of 
sufficientiy long duration to change the gross configuration of tiie DNA, being longer than one second in 

30 duration for the separation of large DNA. The changes in gross configuration are affected by the pulse 
duration and changes In direction and may vary from reaHgning diractkxi of a aubstanflaily straight 
ekmgated strand to crsaUng hooks or staircaae-shaped strands. 

^ch of tiie prior art pulsed field technk^ues has the disadvantage of using a time duration for changing 
the llekl pattern that is in the order of a second or longer for separating large DNAs. 

ss WItti pulsed flekf gel electrophoresis (PFG^ as usually practiced, it ts easy to aeparate large DNA of 
size up to one milik)n base pairs. Above tills size It K becomes progressively more dlffkxitt in order to get 
clear separations of larger DNA* tfie flekf voltage must be reduced and the angie-switching time increased. 
For example, ttie largest chromosome of tiie yeast Sac<^aromyoes cerevlslae (YPH 80) about 1,5 
megabaae paira. can be resolved in 15 hours witii a field switching time of 120 seconds per direction and at 

40 a flekf voltage of 6 voKs per centimeter. K is believed that thia la an optimum aeparation. However, tite S. 
pombe chromosomes of 3. 4.6 and 5.7 megabase pair require a switching time of 30 minutes per direction 
and a fleM of 115 voKs per centimeter. The separating time Is 3 to 6 days. It Is believed ti>at this is also an 
optimum separation, if tiie Held voltage Is raised In an attempt to get a faster separation, tiie DNA does 
Indeed move faster but it smears out so that the bands overiap and no aeparation Is discernible. 

46 bi ttie past, ortiiogonat pulses of duration too short to alkm change in DNA configuration to take place 
were expected to appear as a vector sum, and be generally useless for separating DNA. This lack of 
aepvating effect was predicted in Schwartz. D.C. (1865) "Qiga-Dalton Sized DNA Molecules," p. 84, 
doctoral dissertation, Columbia University (Untverstty Microfilms IntemationaO. 

The prior art is deffdent in some respects In providing adequate explanations of why pulaed fleW 

so technk^ues provide ttie result ttiat has been observed. As part of the devek)pment of the Invention, a novel 
explanation has been developed. 

According to this novel explanation, tiie limitations of ordinary pulsed field gel electrophoraats (PFOE) 
for separating very large DNA occurs because of the electric fiekf and time dependant foridng, tumbling and 
bunching motion of DNA In gal. These effects have been reported and recorded on vMeotape cited by 
Smith, S.B., Aldridga, P.K.. and Calles. J.B. (1989): Science 243 203-208. The videotape ahowa aduai 
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motion of DNA in oofwtent and varying electric IteWs; Smith, et el (1989): "Observation of Indivtdual DNA 
Molecufes Undergoing Qel Etectrophoreste": University of WashTngbn Instructional Media Services. Source 
LB6-T9-eO. University of Wsshtngton, Seattfe, WA 98195. 

DNA Is negatively charged and therefore a straight length of DNA has a positive countsrlon shoath 

9 around It when In an aqueous buffer solution. The positive Ion In buffer solutions used for DNA 
eledrophoresia Is Trie. Trie Is selected as the postth/e ion because It does not bind to the DNA. A 
consequence of this le that Trts Ions comprising the counterlon sheath are free to move along the length of 
the DNA in response to electrical and thermal diffusion forces. 

If the DNA molecule Is located in an electrJc field parallel to Its length, It starts to migrate straight 

TO toward the posKlve eiectrodo because it has a negathre charge. However, the coumerton sheath has a 
positive charge and theiBfore tends to be repelled from the positive electrode. The counterlon sheath does 
net leave the DNA because this wouk* expose the negathre charge of the DNA thus bringing the courtterion 
eheath back. However, the cdntrold of tFie oourHerlon sheath shifts towanl the iraiing edge of the molecule. 
Because the centiDid of the counterlon sheath shifts toward the tralRng edge of the molecule, the 

18 trailing end of the molecule is surrounded with more positive chsrges than the leading end. The trailing end 
of the molecule Is immersed within this concentrated charge and is surrounded by it The leacflng edge of 
the molecule Is outsWe of the concentrated charge area and "sees" the concentrated charge behind It. This 
decreases the net electric field on the leading edge of the molecule to a larger extent but decreases the net 
electric fiekl on the trailing end ofthe moleode to a lesser extent 

X Because the net electrtc field on the trailing edge Is decreased less than the net elecfric fleW on the 
leading edge, the trailing end of the molecule tends to migrate faster than the leading end of the molecule, 
causing the bunchlrrg phenomenon reported by Smith and others. This effect may be aggravated in pulsed 
field gel eleotrophoresis when the DNA Is kjng enough to be completely engaged In a previous corner- 
turning at the time the neod comer turning etsrts. Hits Is because the trailing, concentrated counterlon 

26 sheath wfll be partlcularty concentrated at a previous sharp comer In the DNA where there are two 
continuous segments of it In dose proximity. 

When the DNA molecule bunches up and Is no longer linear, its counterlon polarlzablllty decreases 
becaueo of the decrease In effective length of the DNA The DNA becomes more isotropic; more compact 
than slongsted. The positive counterlon sheath then becomes more Isotropic, encouraging a leading end of 

30 the DNA to propagale out of the bunched up DNA, and eventualty pulHng out the bunched DNA Into a more 
or less straight length of DNA. ^ , 

As before, the counterlon sheath becomes more concentrated at the trailing end of the length of DNA 
than the leading end, but because of the finite relaxation lime of the counterlon sheath It takes a while, such 
as 30 seconds, for It to do so. When the counterion sheath becomes suffldentiy anisotropic, the DNA 

95 bunches up again and the cycle repeals. Under some circumstances, this phenomenon does not repeat at 
very leguitf, clock-like, intervals, and therefore, each DNA molecule can accumulate an enror in Its overaR 
velocity oompared to the average of the overall velocities of an the DNA of that speclea being separated. 

TTite causes the observed band broadening and a smeared "rionseparatton" tf the eftect Is bad enough. 
Higher electric fleWs and tonger free le«flng lengths of DNA cause more profound bunching problems. Ttie 

40 foregoing can explain the faster separations possible at higher buffer concentrations than at lower buffer 
concentratkxis, because at higher buffer concentrations, counterions are known to form a thinner layer at 
the surface of a chained molecule. A thinner trailing counterton layer exerts less bunching Influence at the 
leading end Of the DNA. 

CountBrkin sheath polarlzatton also csn explain snapback of the leading end of DNA undergoing 

49 electrt)pho»«lc migratton as the field is removed. TNs snapback Is shown In the Smith, et al. videotape. The 
effect may arise because the Internal field from the displaced counterlon sheath pulls badkthe leading end 
of the Dl^ before the counterion sheath snisotropy has time to relax upon external fleW removal. Smith 
attributes tWs effect to an "entroplc spring" effect as the DNA pulls back into s random cdl upon removal of 
the fiekl. However, It is hard to see how this couW cause rapid movement since nwvement Into a random 

50 coll is inhibited because the DNA Is threaded through the pores of the gel. 

The tendency toward bunching, combined with frtcltonal 1b«ea, explalna why It Is more difficult to 
aeptfate 6 megabase DNA than It Is to separata 1 megsbaae DNA with ordinary puieed field eleo- 
trophoreds. in pulsed flekj gel electrophoresis, DNA Is forced to turn successive sharp comers. The 
hydrodynamte or boundary friction drag retards the DNA nwlecule as it goes around each comer akmg its 
S6 length, thus cumulalhrely tensioning the eegmerrt of the molecule behind the leading comer. This shoukJ be 
the case regardless of whether boundary friction or hydrodynamte friction is dominant at a comer. 

CSomer turning friction is believed to •asbunt for much of the differential moWiWes off diflerent lengths of 
DNA. The average number of comers tumed per unit distance of migration is directly proportkxial to the 
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length of the molecule. The frictional foroe increases as a rapid function of the sum of the number of 
comers turned. TNe is because, at the frant^ost or leading comer. fricUonal drag from the following 
comers along the length of the DUA adds addHional tension vvhich either hncreasea boundary fricHon force 
at the leecHng comer or decreases the thickness of the hydrodynamic layer between the DfylA and the gel 

0 strands defining the comer. A thinner hydrodynamic layer rosuHs In Ngher viscous friction forces between 
the gel strand and the DNA. The retardation force due to the conws turned by the DNA Is an exponential 
function of the aummation of the angles of all the corners. This foltows from basic enginBering theory 
relating to ropes on capstans, belts on puHeys, etc. Tensioning of tfie DNA around the leading comer arises 
from the pull of the electric field on the segment of DNA ahead of the leading comer, woridng wHh frfcdonal 

10 drag on the segment of DNA behind the leading comer, if the him angle at the leading corner exceeds 90 
degrees, a component of the electric field will exert a reverse pull on the DNA segment behind the corner, 
adding to the tensioning at the comer. This can account for the fact that corner anglee greater than 90 
degrees (typically 120 degrees) worlc better than angles of 90 degress or less with pulsed field elec- 
trophoresis. It can be seen that aftamale corners do not have this field tensioning effect at any one time. 

7ff However, when the field makes one of Its periodic dlrsctlon changes, the comers which previously had no 
tensioning due to field effects become tenslooed due to Held effects. Conversely, comers which prevtoualy 
were tensioned at least partly due to field effects lose this component of tensioning. Since all comers have 
the same tensioning mechanisms. Ihey can t>e considered as a group. 

The reason that ordinary pulsed field electrophoresis can easily separate DNA of size greater than 20 

90 idlobase pairs but less thm one megabase pairs is that the leading end of a migrating DNA molecule Is 
closer to the leading (most recently) turned comer than It is to the other end of Its own length. Since the 
potarizsbinty of the counterion sheath of a linear molecule Is proportional to the cube of Its length In the 
direction along the aisctrlc field, the effective pdarizability of the free or leacflng length of the molecule Is 
only the length from the leading end to the location of the most recent comer turning. With ordinary pulsed 

28 field electmphoreaia. this should allow the use of higher electric fields and therefore faster migration rates 
compared to conventional constant Held electrophoresia, wtth less serious problems witii the buncNng 
problem described previously. 

The foregoing explanation is conststant with the Increasing difficulty that Is observed when trying to 
separate DNA molecules progressfveiy larger than 1 megabase pslrs In length wHh ordinary pulsed field 

$0 electrophoresis. 

Accordingly, It is a task of the invention to provide a novel pulsed field gef electrophoresis (PFQ£) 
technique for separating large Df^ with Increased rapidity by selecting the mterruptlon field frequency, 
direction and magnitude in accordance wHh the eb» of the moiecules being resolved. 

To tccompflsh tills tasit. apparatus for pulsed field electrophoresis having a gel electrophoresis medium 

35 and a circuit arraiged to change the direction of sn electric field within an etoctrophoresie separating unit at 
a first frequency is characterized by circuit components for changing the electric field In another manner at 
a aecond frequency at least twice as high as the s^ first frequency. 

Advanti^ously, the circuit components for changing the electric field at a second frequency include 
components for changing tiie magnitude of the electric field or components for changing the direction of the 

4D electric field or components for changing the angle of the field to impart a zigzag patii to DNA molecules 
being separated. The first frequency may have a period greater Vnan 20 seconds. The circuit components 
for changing tiie electrtc fteld in anotfier manner may include circuit components fOr applying perturbaiing 
interruption pulses not exceeding one-haff of the period of tiie repetition of intermplions. 

Preferably, the drcutt arranged to change tiie direction of tiie electric field at a first frequency Is a 

46 circtidt for applying a first pulaed electric field paraliel to tfie direction of overall migration of DNA In the 
electrophoresis medium with ftrst pulse durations and a first pulse frequency for a first pulse duration of at 
least 20 seconds and the drcutt components for changing the field In another dlrecHon included compo- 
nents applying a second pulsed electric field at an angle perpendicular to tiie direction of overall migration. 
The second puised electric field starts wHh a first polarity and undergoes a first continuous time period of 

80 rapid pulses having pulse durations oocuring between different ones of said first pulsed field durations at a 
IMquancy equal to said first pulse frequency multiplied by an integer or a redprocal of an Integer; and 
repeating the aequenoe, each time alternating the frequendes of the first and second electric field pulses 
for an extended period of time. 

The drcult Is anwiged to provide the first and second pulsed electric fields with a frequency selected 

66 between 10 hertz and 1 megahertz and have pulses which alternate wltfi each other. A switching circuit is 
arranged so tiiat the rate of Oie said repetition, and the direction and magnitude of tiie first and second 
pulses are selected In accordance witii tiie size of tiie molecules being resolved. Thus, moderately large 
motecules are separated with a field that periodically changes direction at a low frequency and larger 
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motecutes are sepvated with a field whfch periodically changea direcUon at a tow frequency but Incor- 
porates additional Wgher frequency perturtiatlona that reduce buncNng. 

Rret and second and third electrode means are adapted to be connected to an etectrophoreals gel 
holding means. The circuit is anranged for applying a first pulsed electric field parallel to the direction of 

6 overall DNA migration to said first electrode means; and for applying a reversible second pulsed electric 
field orthogonal to the direction of overall inigrBtlon produced In a first dhfecHon by said second electrode 
means and produced In a reverse direction by aald third electrode means. 

The second pulsed electric field starts with a first polarity and undergoes allrst continuous time period 
of rapid pulses having pulse durations occurring between different ones of said first pulsed electric field at a 

to frequency too high to Induce frequency-synchronous gross confonnational change In the DNA for applica- 
tion to said aecond electrode means; for continuing said firat continuous time period for a time greater than 
one second, fbllowed by a first rwersal of the polarity of the siJd second pulaed fleW. 

Tlie reversed polarity second field undergoes a second continuous time period of rapid pulses wHh said 
first pulsed electric field at a frequency too high to Induce frequency^ynchronous gross oonfbmialton 

IS chaige in the DNA for application to saW second electrode moans. The second corrtlhuous time period of 
rapid pulsee continues for a time greater than one second, followed by second reversal of the second 
pulsed eleclric field back to the said first polarity, so that cyclic alternetions are simnar to that of the said 
first period of alternation; for repeating the sequence fOr an eadended period of time. 

The circuit lor continuing Includes timtng means for causing said first and second continuous time 

20 periods to be equal and the circuit for applying the second poised electric field includes means for 
generating voltage poises having the same duration but reversed polarity. The cIrcuR for generating pulses 
Includes means for generating pulses having a selected frequency between 10 hertz and 1 megahertz. The 
droits Include mews for adjusting the frequency of aald generated pulses above and bekw a frequency 
on the order of 3 Mlohertz to optimize DNA/^el Interaction. 

as A method of pulsed field electrophoresla In which the direction of an eleelrlc field within «i elec- 
trophoresis separating unH is changed at a first frequency; and the electric fleW In another manner Is 
characterized In that the electric field ts also changed at a second frequency at least twice as Wgh as the 
said first frequency by changing the magnitude of the elecfric field or the direction of the electric field, or 
the angle of the field or a combination of the two. Preferably, the magnitude of the electric field and the 

90 characteriaUcs of the pertoriMtlona are selected to avoid bunching across the probable length of the first 
segment of DNA to Its first direction change wherein the first direction change is In a range from between 
substantially 90 degrees to an angle greater than 90 degrees. 

Advantageously, a first pulsed electric field Is applied parallel to the direction of overall DNA migration 
with first pulse durations and a first pulse frequency for a first pulsed field duration of at least 20 seconds. A 

ss aeoond pulsed eioctric field 1» appHed at an angle perpendicular to the direction of overall migration. The 
second pulsed electric field starts with a first polartty and undergoes a first continuous time period of rapid 
pulses having pulse durations occuning between different ones of sakJ first pulsed field durations at a 
frequency equal to said fir«t pulse frequency muWpned by an Integer or a reciprocal of an Integer. The 
sequence is repeated and at each repetition, alternating the froquendea of the first and second electric field 

40 pulses for an extended period of time; said first and second pulsed electric fields have a frequency selected 
between 10 hertz and 1 megahertz and have pulses which ahemate wHh each other. 

The rate of the said repefitton, the direction and magnitude of the first and second pulse durations are 
selected In acconlance with the size of the moiecutea beirtg resolved wheiein moderately large molecules 
are separated with an average field vriiich periodically changes direction at a low frequency and larger 

45 molecules are separated with a field which periodlcaity changes direction at a low frequency but Incor- 
porates addlttonal higher frequency perturtsaltons that reduce bunching. Advantageously, the magnitude of 
the field and the characteristic of the perturt>ation are selected to avoid bunching across tiie probable tength 
of the first segment of.Di^ to fie flrct direction change wherein the direction change Is In the range of 
substantially 90 degnses to a value greater than 90 degreee. 

50 The second poised electric fleW Is perpendicular to the dlrecfion of overall migration. The said second 
pulsed eledrto fleW starts with a first polarity and undergoes a first continuous time period of rapid pulses 
having pulse durations occuning between dHforent ones of said first pulsed electric field at a frequency too 
high to Induce frequency-synchronous gross confonmafionai change in the DNA and continuing ssld first 
continuous lime period of rapid pulses for a time greater than one second, followed by a first reversal of me 

56 polartty of the said second pulsed eleclric field. . 

•nie revereed pdarity second pulsed electric field undergoes a second continuous time period of rapid 
pulses Interapersed with said first pulsed eleclric field at a frequency too high to Induce frequency- 
synchronous gross confomialton change In the DNA; and continuing said second continuous time period of 
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rapfd pulses for a time Qreator than one second, followed by second reversal of the second pulsed eiectiic 
field back to the said first polarity. Thus, a pattsm of aftemate first and second pulses electric fields similar 
to that during said first continuoua time period of rapid pulses is created. The first and second pulsed 
electric fields have a frequency selected between 10 hertz and 1 nnegahertz and have pulses which 

s aitematd with each other. The frequency Is adfusted above and below a frequency on the order of 3 
Idlohertz to optimize DIMA/Qel Interaction. 

The time of satd first and second pulsed electric fields are controHed with a repeated timing pulse the 
width of which can be varied from zero to substantially one period of the said frequency. A first migration 
vector of DNA during the time the second pulsed electric field has said first polarity may be varied through 

70 an angle of 0 degrees to almost GO degrees to one side of the overall direction of migration, and during the 
time the second pulsed electric field has the second polarity, migration follows a second vector at an equal 
angle on the opposite side of the overall directton of migration. Thus, the DNA will appear to foQow a 
subetantially straight line path in the direction of overal migration which is at an angle midway between the 
said first migration vector and said second migration vector. 

T5 The above noted and other features of the invention will be better understood from the following 
detailed description when read In connection with the drawings, In which: 

RG. 1 Is a scaled diagram of two large DNA molecules Illustrating the difficulty of separation 
according to prior pulsed field electrophoresis techniques: 

RQ. 2 Is an overall schematic of a gel electrophoresis apparatus according to an embodiment of the 

20 Invention; 

RQ. 3 is a schematic fragmentary view wHhin a aladrophoresis gel Hiuetrating the vector direction of 
the fields and the path that would be taken by DNA In many PFQE systems; 

RQ. 4 lllustratBS the pulsed timing of voltages applied to an electrophoresis tani^ in accordance with 
the embodiment of FIQ. t; 

29 RQ. 5 Illustrates relative pulse duration or duty factor of a pulse generator used to generate the 

pulses of RQ. 2; 

RG. 6 rspreaents variable angle migratton vectors generated by two perpendicular, time shared fields 
fn accordance with an embodiment of the inventkxi; 

RQ. 7 is a btock diagram of a switching anrangement; 
90 RG. 8 is a schematic diagram of a portfon of the embodiment of RG. 7; 

RG. 9 Is a schematic diagram of another portkm of the embocfiment of RQ. 7; 
RQ. 10 is a titodk diagram of a swftchtng anangement similar to that shown in RQ. 7 except that It Is 
adapted to produce more rapidly occurring high frequency pulses and incorporates provtstons tor medium 
frequency, short duratkm, cutoff of the flekf between the usual low frequency pulsed fiek) electrophoreels 
3S migration direction changes; and 

RQ. 1 1 Is a schematic circuit diagram of a portion of the circuit of RQ. 1 0; 
RQ. 12 is a schematic circuit diagram of a portion of the dmutt of RQ. 10; 
RQ. 13 is a schematic drawing of a modification whk:h may be made to the schematk; of RQ. 10 to 
provide medium frequency, short duratkm, perpendicular change ki fieM direction instead of short duration 
40 fieU cutoff. 

An electrophoresis system includes first means for changing the dlrectfon of an electric fiekl within an 
electrophoresis separating unit at a first frequency and second means for changing the electric flekl In 
another manner at a second frequency at least hfvice as high as the sirid first frequency. The elec- 
trophorssis system Is operated to cause improved separation of large moiecules by reducing hooking. 
4» tumbHng and eapedaify bunching whk^h is ctianging to larger diameter because of ccmpactkxi of large 
molecules and prindpaDy compaction of the molecules at the leedkig segment ahead of the first bend for 
still larger moiecules. 

ki one embodiment, the second changes are changes In the magnitude of the electric field and/or 
changes ki the direction of the electric field. The first changing means changes the angle of the Held to 

60 imperl a ^gzag path to DNA molecules being separated. In one embodiment, the field strength In the 
dlrecfion of overall migration Is selected eo that, considering the DNA size and gel density, the leading 
segment of DNA to ^ first comer Is suffidentiy small so that excess friction fbroes due to buncMng does 
r>ot cause excessive band spreading. The field strength Is selected so that the electric flekl Is reduced until 
the changing of the electric field at the second frequency keeps the bunching effect to a sufffoiently fow 

80 level to not seriously interfere with the separatkm. 

For effective operatton. the first or km frequendea have a period greater than 20 seconds, and the 
second or medhjm frequency has periods of no more than one half the period of the firet frequency. The 
changes at the second frequency are preferably hrtemiptton pulses having pulse wMttis not exceeding one- 
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hatf di m period of the repetftlon of the InterrupUons. Thte la at least one perturbation during each direction 
or ha» cycle of the said first frequency. H there la only one peftiirt)aflon during each half cycle, It should not 
occur at the ends of the half cydes of the first frequency. It should be closer to the middle of the half cycle. 
As more and mora perturtwtlons per half cycle are used, perturbattons may be located closer to or at fre 
6 ends Of the cydes Of the first frequency. 

■me period of medium frequency perturbation Is not shorter than five periods of the high frequency 
used for generation of field direction. Generation of fleW direction by use of high firequency will be 
described later. 

For large DNA above 2 megabases, the field strength In the direction of motion changes In Ihe direction 
fo Of the pulses Is selected to prevent drag caused by bunching of the leading segment ahead of a comer 
fkom unduly reducing speed or reaokiHon of separation. For this purpose, the field strength, direction, 
changes In direction and frequency of medium frequency pulses are selected to allow the polarized 
countsrlon sheath around the DNA to relax to a more Isotropic configuration during the pulees. This 
prevents the counterfon sheath from becoming polarized or anisotrople enough to cause the serious 
16 bunching problem described eariler. The parameters are ad)ust©d so that the effect of the medium 
frequency pulses is sufficient, considering the length of fre end beyond the first comer and the time 
duration and ampKude of the low frequency potential, to keep bunching low enough to avoid undue band 
spreading. 

To enable the variaflons in direction and magnltuds fdr this process, a PFQE system Includes means 

20 for permitting the adjustability of the electric field force, electric field angle and the pulse duration. These 
variations are used to: (1) result In straight, unbem lanes for moderately large molecules; and <2) provide 
minimum bunching or frictlonal drop of very largs molecules. The means for permitting the adjustability of 
the electric field force, electric field angle and the pulse duration Includea means for permitting adjustment 
of St least one of: (1) the pulse durations In a range that maintains the pulsa durations shorter than one- 

26 tenth of a second: (2) the angle or angles of iMO fields with respect to each othen (3) Ihe Wenslty of the 
fields: and (4) the number of repetitions of pulses of the fields before changing the angle of the two fields 
with respect to each other. 

The straight unbent lanes as used In this description for the path of DNA is meant to distinguish 
movement of the strand of DNA that resulta k\ overaB movement of the chromosome or fragment Hself 

so rather ttw changes In confbmwl position of differert bases wHh respect ID eaC^ 

The words, "an unbent lane", In this spedflcation. mean tiie DNA does not move substantially at an 
angle to the overall direction of movement so that during tan centimeters ot movement wHh respect to the 
gel, tt»e DNA does not move at an angle greater than 5 degrees to the overall motion of tiie DNA for a 
continuous distance of more ttiarr one-half centimeter nor deviate from the overall direction of movement by 

as more than one-haft centimeter measured perpendicular to tiie direction of movemert. The temilnology "no 
change In gross oonflgurstion* or "without change In gross configuration " or 'no slgnfflcsnt conformational 
change" or "no substmtlal flexural bending" means In this spedflcation that the respective podlons of tiie 
DNA retain their respecfivo geometric orientation wHh respect to a previous observation wKh no more tiian 1 
mterumeter of such portions deviating by rrmre than 40 degrees, nor 2 micrometers of such portions 

40 deviating by more than 70 degrees. 

In ttiese definitions, the time is between tiie previous observation and tiie observation in question. An 
Instrumental criterion lor forces or pulses tiial do not cause significant confonmal change nor bert lanes Is 
that the DNA should not migrate mora than tiirae pore diameters of tiw supporting medium during a single 
pulse. TWs Is 0.3 micrometer for some agarose gels. 

45 By "stiff rod" or "stifT Is meant no tendency for tf» DNA molecules to undergo slgmlflcant confor- 
mational change during a pulse period or a series of pulse periods during wWch It rrJgrates along an unbent 
lane In spite of collisions vritti particles In ttw gel. Many of the terms m tills specification are consistent with 
the terminology provided in volumes 1. 2 and 3 of Biophysical Chemistry , by Cantor and Schlmnr>ei. W.H. 
Freeman and Company, N.Y., N.Y., U.S A, the dledosure of which Is Incorporated heroin by reference, 

50 Drsg or friction fiom buncNng msans In this spedfication. the Increase In resistance to force toiTdlng to 
move tiie molecuta forward created by bunching or retraction of the molecule from tts eiongated state, 
partteularty In tiie loading segment beyond ttie first bend caused by a matrix obstniction In the path of the 
molecule. 

In using tiie apparatus, the electric field parameters are adjusted in a manner spedflc for the DNA size 
ss range to be resolved and are preset to prevent angular lanes ot migration of the DNA and to maximize 
resolution aid speed of separation. Because the number ot bends at any one time and ttius the frictional 
drag caused by ti)e bends Is a function of a lengtt> of the moteculs and density of the medium, ttte variable 
most easily controlled ts the bunching effect of «w leading segmem of the molecule. This effect Is ths 
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result of the applied potential causing displacement of me counterion sheath around the molecule from the 
leadng end towaiti the firtt comer and tlie oounterreaction of the molecule to It The bunching Is time and 
field strength dependent Thus, variation in these factors in reisiion to tfie probable distance between the 
leading edge and the first comer can be controiled to maximize separation results. Generaiiy bunching is 

6 reduced by intemiittently lowering or changing the direction the electric field strength so that the counterion 
sheath relaxes from its previous displacement towani the first comer and t)ecomes more uniformi/ 
distributed along the leading length of the DNA molecufe. TNs reduces the counterreacHon of the molecule 
because of the reduced perturbation of the local field. This, in turn, reduces the tendency toward bunching. 
In FIG. 1, there Is shown a diagrammatic view iflustrating the separation of very large Dl^ with pulsed 

10 electrophoresis. In section 41 of FIQ. 1. a straight length of a 1.5 megabase pair 8. cerevislae DNA 
molecule Is Indicated at 41 A. This same molecule subjected to ordinary 120 degree pulsed eiectrophoresls 
is indicated at 41 B. Calculation based on band migration speed and moFecular length suggests that there 
should be an average of about 2.5 comers being turned by the molecule, with an appropriate selection of 
gel or other separaHng medium. These comers are a fundlon of the length of the molecule and the 

Tff obafrudlons In Ha path interacting with taw frequency changes In field direction. Each comer is prindpaRy a 
turn toward a new field direction, wfth constraint from displacement away from Its previous path because It 
Is threaded through the pores in the gel. 

Under these conditions, 6 volts per centimeter field and 120 seconds between 120 degree field 
switchings, the DNA molecule Is being separated at the maximum possible speed under ordinary pulsed 

20 electrophoresis while retaining sharpness of separation. The leading length segment 44, ahead of the 
leading comer turning 46 Is lust barely short enough not to develop a seriously degrading amount of the 
bunching instat^ltty. If either the electric field is increased or the time duration between field switchings is 
increased (therefore also increasing the leading segment length), the speed of separation becomes greater 
but bunching Instablllty. becomes serious snd the separation Is degraded. 

as In section 40 of RQ. 1. 40A shows the extended length of the 6.7 megabase pair of Di^lA from S. 
pombe . 40D shows a contour of the 5.7 megabase DNA molecule under optimum separating condHions 
which are beleved to be a 120 degree switching time of 30 minutes and a field strength of 1.5 volts per 
centimeter. 

Calculation based on experimental measurenwnt of band migration speed and on known molecular 
so length suggests that there should be an average of about 6.3 comers tumed per 6.7 megabase molecule. 
These bends or comers rsflect the gel pore^nstrained path of the molecule as it changes direction of 
migration in response to low-frequency direction changes of the electric field. The optimum electrical Held 
for 5.7 megabase sep a ration la experimentally determined to be one-fourth the optimum field for 15 
megabase separation. The polarizablllty of the counterion sheath Is proportfonai to the cube of Its length 
36 along the field direction. The field for 40B for optimum migration is 1^ volts per cm or1/4 of the field for 
41 B. TTierefors, the optimum length of 48 (for preventing serious bunching Insfabllity of the DNA) is related 
to the length of 44 under optimum corner turning by b function of ttie cui>e root of 4 or 1.587 times the 
lengttt of 44 which is taken as 1. interestinoly enough, this is In rough agreement wHh the calculation of 
comer tuming refennd to above as shown In equation 1. This is fairly dose to the 8.3 comers turned for a 
40 5.7 megabase molecule, calculated from experimental data. 

The data indicates that the speed of the larger molecule is about 1/11 the speed (11 times the 



so 



66 



B 



EP0396 053A2 
EQUATION 1 



5.7 meqabase x 1 x 2.5 comer turrtinge ■ 6.0 corners per 5.7 
1.5 negdbase "Oa? negabaae aolecule 

comers 



EQTJATION 2 



Force Ratio - e^>Q^ - 11 ; f - 0.289 
42.5f 4 



Equation 3 



+ 90 degrees + [ARCTANGENT A] - ARCTANGENT B 

B -A 

slowness) of the smaller molecule, whereas the fleW for the smaller molecule Is 4 times the field for the 
larger molecule. TWs difference is believed to be due lo the larger molecule turning an average of 6.3 
comers and the smaller molecule turning an average of 2.5 comers, as shown in FIQ. 1, Assuming an 
exponential relalionehip Ijetween the number of comers turned and the factional force, and a linear 
relattonahip between field (and DMA strand tension) and ratio of frictlonal forces, we have: Force Ratio 
equals • to the 6^ power dhrided l>y » to the 2JBt power which equate 11/4. Thus, f equals 0-289 as shown 
in equaflon 2. The exponential frtctton factor t of 0230 applies to each comer turned. 

In FIQ. 1, there is shown a contour or conflgurallon 40C of 5.7 megabase Df^ tf separated at a field of 
6 volts per centimeter, instead of 1 .5 volts per cm {centimeter) as at 40B. To prevent excessh« Instabinty of 
the leading segment of Df^ its maximum length 47 can be no longer than the length 44 at 41B. This is 
because the field is the same for each. This resuhs In about 9.5 average comers turned for the DNA at 40C. 

Using the exponential with the oonstanl f equals 0286 derived above, results virlth the same electric 
field, in an increase of frictfon force of about 2.75. calculated the ratio of the natural log base, e. for the two 
exponential functions e to a power of tiie number of turns multiplied by 0.280 e.g. (9.5 multlpBed by 0589) 
and (6.0 multip«ed by 0.288). With a 4 times Increase in field, tiie friction force would increase 4 x 2.75 or 
11 times because of the Increased tensioning at tiie comers. If tills type of frictfon is even remotely 
dominant, the DNA at 40C will move oven slower than tiie Df^ at 40B. Above ar optimum field strengtii, It 
does become dominant and Increasing the field strength further and trying to compensate by shortening the 
low frequency swItcNng time of the field will not Improve the speed of separation lOr a given molecule or 
increase the maximum size of molecule that can be separated in a reasonable period of time. 

It can be und^fBiood ttiat tills will be tiie case in a general sense as frictional force Increases 
exponentially wtth the number of comers turned but the maximum permissible field or driving force only 
Increases as the cube of ttis number of comers turned. However, it Is well-known that for a suffldentiy 
large value off argument m exponential alwaya increases faster than any power function, so ttie effect of 
friction drag (or bunching Instablilty) win always eventually overcome the beneflclal effect of continuing to 
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increaae the field. 

A conclusion derived from this explanation is that ordinary pulsed gel electrophoresis reaches an upper 
limit of DNA length or 6l2e which may be separated In a practicai smount of time. If the precedInQ 
expianstion is correct the process could be Improved by decreasing the amount of bunching or tumbing 
6 InstablBty tn the leadtng. free segment of Dl^ that Is traveling ahead of the front-most comer. The leading 
segment is cnx^lai because bunching Is not expected to be as much of a problem behind the front comer, 
as each segment beMnd a comer is moving along a more or less fbced path through the pores of the gei 
medium. 

It Is beloved that bunching Instability on the leading segment of the DNA can be dacreaaed by efther 
10 more or less periodtcally maldng a short cutoff of the electric field or by maldng a short-duration 
perpendicular diversion in the field direction, quickly followed by reversion to the original field condition. 
These field mecinltude or direction Intenuptlons should occur multiple times during each low frequency field 
direction (and DNA migration direction) change corresponding to ordinary pulsed gel electrophoresis. The 
duration of eac^ of theee medium^irequency intemiptlona may advantageously be significantly shorter than 
IS the repetition time of the Intenupttons. The intent of the medium frequency Intenuptlons Is to decrease the 
electric ileid-produced asymmetry of the oounterion sheath along linear DNA. TNs comes about because 
the anisotropy or polarization of the oounterion sheath relaxes toward a mora aymmelrlcai state durtng the 
tntenruptlons. 

In FIG. 2, there Is shown b simpilfied schematic drawing of electrophoresis system 10 having a power 
20 aupply 12. an electnjphoresis gel system Including the tanic 85 and an adiustable switching means 42 
connected together fbr controlilng the electric field fdrce, electric flekJ angle and the pulse duration to 
resohra DNA molecules greater then 1.000 kb In length along straight, unbent lanes wttNn a gel. The 
electrophoi^s system 10 permits adjustment of the high frequency pulse periods through a range from 
generafly 1/10 of a second to shorter ranges and generates average electric field vectors at a controllable 
as angle by adiustment of the reiat^e pulse widths of the two phases of high frequency pulses applied 
orthogonally to tank 65. 

The electrophoresis gel system 10 includes the shaikm electrophoresis lank 85 which la made out of 
Insulating material adapted to contain eiectrolyta buffer 86. Completely aubmerged in thia buffer la aaqusre 
sheet of agarose gsf 90 containing a number of wells or oval depreaalona 91. m these wells are plugs of gef 
30 containing mixed DNA to be separated. 

To create the field in the gel separating system, electrodes 71 through 82 provide electrical contact to 
the buffer from the power supply 12 through the switching means 42. The electrodes are preferably made 
of an inert metal such as platinum. 

To provide avritching of the fieMs, the switching meana 42 includes high-speed switching dkxJes 4 
3S through 27. resistors and adQuslable means 15 that connect the electrodea through swhcMng means 
42 to the direct cunent power aupply 12. The adfustable meana 16 Includes three sets of switches I.IA, 
2.2A and 3.3A. 

To prevent Interierence between cunrent paths, the diodes 4-27 are connected in three sets: (1} cfiodes 
4 to 7 having their anodes connected to switch 1 snd thence to the positive temiinal 501 of the power 

40 supply 12; and diodea 16 through 19 having their cathodes connected to switch 1A and thence to the 
negative termlna] 502 of the power supply 12; (2) dkxjes 6, 10, 12, and 14 having their anodes connected to 
switch 2 and thence to the poslt^e tenninal 601; and dodes 20. 22, 24 and 26 having their cathodes 
connected to switch 2A and thence to the negative temnlnal 502; (3) dkxjes 21 , 23. 25 and 27 having their 
anodes connected to switch 3 and fmm there to the positive tennlnsl 501; snd (4) dkxies 9, 11. 13 and 15 

45 having their anodea connected to switch SA and from there to the negathre terminal 602. 

The electrode 71 Is electrically connected to the cathodaa of the dtodes 4 and 27 through oorreapond- 
Ing ones of the resistors 38 and 39 and to the anode of diode 26 through the resistor 37; the electrode 74 is 
electrically connected to the cathodes of the diodes 7 and 8 through corresponding ones of the resistors 28 
and 29 aid to the anode of diode 9 through the resistor 30; the electrode 77 Is eiectrteaily connected to the 

50 cathodes of the diodes 14 and 16 through conesponding ones of the resistors 31 arKi 32 and to the arK}de 
of dkKle 16 through the resistor 33; the electrode 80 is electrically connected to the anodes of the diodes 
19 and 20 through corresponding ones of the resMofs 34 and 35 and to the cathode of diode 21 through 
the resistor 38. The cathodes of diodes 5, 6, 10» 12. 23 and 26 are electrically connected to reepectlve ones 
off the electrodes 72, 73, 75, 78, 81, and 82 and the anodes of diodes 11, 13, 17, 18, 22 and 24 are 

ss electrically connected to respective ones of the electrodes 75, 70, 78, 79, 81 and 82. 

The diodes 4-27 prevent the circuits energized by swhches 3,3A. switches 2M and swHches 1 ,1 A from 
Interfering with each other since only one of Iheee three swKch pairs Is ckised at any gh^ time and since 
a ctoaed pair Is always opened before the next open pair ta dosed. Resistors 28 through 39 limit the 
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increase the field. 

A conckieion derfved from this explanation is that ordinary pulsed gel electrophoresis reaches an upper 
Bmit of DMA length or size which may be separated In a practical amount of time. If the precedino 
explanation is correct, the process could be improved by decreasing the amount of bunching or tumbing 
8 instablfity In the leading, free segment of DNA that Is tra/elbig ahead of the front-most comer. Tlie leading 
segment is cmdai because bunching Is not expected to be as much of a problem behind the front comer, 
as each segment beNnd a comer is moving along a mors or lesa fixed p«lh through the pores of ttie gel 
medium. 

It is beleved that bunching Instabiiity on the leading segment of the DNA can be decreased by efther 
TO more or less periodically maldng a short cutoff of the electric field or by making a short-duration 
perpendicular diversion in the field direction, quickly followed by reversion to the oilglnai field condition. 
These field msgnltude or directkxi intemjptions shouM occur multiple times during each low frequency fieM 
direction (and DNA migration direction) change corresponding to ordinary pulsed gel electrophoresis. The 
duration of each of these medium-frequency interruptions may advantageously be significantly shorter than 
IB the repetition time of the intemjptions. The intent of the medium frequency Intenruptiona is to decrease the 
electric field-produced asymmetry of the oounterion sheath along Bnear DNA. This confies about because 
the anisofropy or polarization of the counterion sheath relaxes toward a more symmetrical state durtng the 
intenruptions. 

In FIG. 2, there is shown a simplified schematic drawing of electrophoresis system 10 having a power 
m supply 12. an electrophoresis gsl system including the tanic 85 and an adjustable swttchtng means 42 
connected together for controlling the electric field fUrce, electric field angle and the pulse duration to 
resolve DNA molecules greater than 1,000 kb In length along straight, unbent lanes within a gel. The 
electrophoresis system 1Q permits adjustment of the high frequency pulse periods through a range from 
generally 1/10 of a second to shorter ranges and generates average electric field vectors at a controllable 
2s angle by adiustmem of the reiath/e pulse wkAhs of the two phases of high frequency pulses appOed 
orthogonally to tanic 85. 

The electrophoresla gel system 10 includes the shallow eledrophoresfs tank 8S which is made out of 
insulating malarial adapted to contain electrolyte buffer ee. Compietely siAimerged In this buffer is a aquare 
sheet of agarose gef 90 containing a number of wells or oval depreastons 91. In these wells are plugs of gef 
90 containing mbeed DNA to be separated. 

To create the field In the gel separating system, electrodes 71 through 82 provide electrical contact to 
the buffer from the power supply 12 through the swttehlng means 42. The electrodes are preferably made 
of an inert metal such as plat^m. 

To provide switching of the fields, the switching means 42 includes high-speed switching dkxles 4 
35 through 27, resistors 28-39 and adlustable means 15 that connect the electrodea through switching means 
42 to the direct cunent power supply 12. The aiQustable means 16 Includes three sets of switches I.IA, 
2,2A and 3,3A. 

To prevent interference between current paths, the diodes 4-27 are connected in three sets: (1) cSodes 
4 to 7 having their anodes connected to switch 1 and thence to the posHWe terminal 501 of the power 

40 supply 12; and diodes 16 through 10 having their cathodes connected to switch 1A and thence to the 
negative terminal 502 of the power supply 12; (2) dkxjes 6, 10, 12, and 14 having their anodes connected to 
switch 2 and thence to the positive tenntr^al 501; and dodes 20, 22, 24 and 26 having their cathodes 
connected to switch 2A and thence to the negative terminal 502; (3) dkxJes 21 , 23, 25 and 27 having their 
anodes connected to switch 3 and from there to the positive temninai 501; and (4) diodes 9, 11, 13 and 15 

46 having their anodes connected to switch 3A and from there to the negative terminal 502. 

The electrode 71 la alectrlcally connected to the calhodaa of the diodes 4 and 27 through oorraspond- 
Ing ones of the resistors 38 and 39 and to the anode of diode 26 through the resistor 37: the electrode 74is 
electrlcslly connected to the cathodes of the diodes 7 and 8 through con^spondlng ones of the resistors 28 
and 29 and to the anode of diode 9 through the resistor 30; the electrode 77 is electrically connected to the 

60 cathodes of the diodes 14 and 15 through con'esponding ones of the resistors 31 and 32 and to the anode 
of diode 16 through the resistor 33; the electrode 80 Is electrically connected to the anodes of ths dkxJes 
19 and 20 through corresponding ones of the reststors 34 and 35 and to the cathode of diode 21 through 
the resistor 38. The cathodes of diodes 5, 6, 10, 12, 23 and 25 are electrically connected to respective ones 
of the electrodes 72, 73, 75. 76. 81. and 82 and the anodes of diodes 11, 13. 17, 18. 22 and 24 are 

ss electrically connected to respecthm ones of the electrodes 75. 78, 78. 79. 81 and 82. 

The diodes 4-27 prevent the circuits energized by switches 3M. switches 2,2A and switches 1.1A from 
interfering with each other since only one of these three switch pairs is dosed at any gMn time and since 
a dosed pair Is always opened before the next open pair ia closed. Resistors 28 through 39 limit the 
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amoum of reverse recovery current through the cflodaa when the switches are trarwferred. 

Betbre operating the embodtmenl of RQ. 2, mbchire of large DMA mdeculet are inserted into the wells 

91 of the gel 90. The angle and rate of ch»ge of the angle of the fields and the pulse durations are 

selected In accordance wtth the segmorrts of DMA that are to be separated. Other variables may play a role 
B In this aetectlon such as field Intensity, the number of pulses t)etween direction chaf»gea and the overall 

duly factor, or relative percentage of time thai either of the two pulses Is on, compared to the duration of 

the entire two-pulse cyde. 

In the operation of the embodiment of FIQ. 2, when switches 1,1A are dosed, electrodes 71 through 74 

ve connected to the positive terminal of the power supply and eieotrodes 77 through 80 are connected to 
TO the negattve tanninal of the power supply. This eatabilshaa an eieclrfc fiejd wtfMn the buffer 86 located 

wlthrnthetank85. 

Since the buffer covers the agarose gel 90. the electric field Is also established In the gel. Under the 
influence of the field, negatively chaiped PNA starts to migrate out of the wella toward the poslt^e 
electrodes. 71 , 72. 73, 74. 

19 After a very short period of time swilches 1.1A open, foflowed by the closure of switches 2,2A. This 
establishes a positive potentia] on electrodes 74> 75, 76. and 77 through the diodes connected to switch 2A. 
This causes the DNA to migrate to the right This cycle repeats very rapidly. TWs cyde repetltlcn frequency 
is greater than 10 hertz, so the largo DNA molecule does not have time to change Its gross configuration 
during any one pulse cyde and preferably moves with a true average direction of migration as If moves with 

80 an average migration vector at an angle between horizontal movement to the right and vertical movement 
toward the top of FIQ. 2, 

After a more extended period of time, usually after more than 100 of such foregoing switch cydes have 
taicBn place, switching action stops between switches 1.1 A and switches Z2A. ft Immediately resumes wtth 
similar switching between swhchea 3.3A and switches 1,1 A. When switches 3 and 3A dose, positive 
as potontW from the power aupply is applied to electrodes 80 through 82 and electrode 71 through diodes 21, 
23. 26, and 27. Negative power supply potentlai Is supplied through switch 3A to diodes 8, 11 . 13 and 15 to 
electrodes 74 through 77. 

When switches 8 and 3A aw dosed, electrodea 74 through 77 carry a negatWe potential and eiedrodes 
80. 81, 62 and 71 cany a positive potential. This causes negathraly charged DNA to migrate slightiy or tend 
30 to migraie to the left. 

A short time after switches 33A are dosed, these two switches reopen and switches 1 and 1A dose 
establishing a fieW which causes DNA to move verHcally toward the top of the figure. Switches 3^ and 
T,1A alternate closing arrd opening very rapidly, with each switch pair opening before the other switch pair 
closes so tiiat the field is unHonn and applied across only one direction at a time. As earlter, this Is done at 

35 a frequency greater than 10 hertz so that gross changes In DNA configuration do not occur during the 
switching cyde between switches 1,1A and 3,3A. However, the period of repeated aHomation between 
switohea 1.1A and 2,2A on one hand and ropeated altematfon between svirftches 3.3A and switches i ,1 A on 
the other fiand Is much slower. 

Preferably, more than 100 cydes of altemalioo between switches 1,1 A and 2,2A occur before Operation 

40 transfers to the altematlon between switdies 3,3A and 1.1A. Converaely also at least 100 altemations 
between switches 3,3A and 1.1 A occur before operation transfers back to altematlon between switches I.IA 
md 2.2A. This overall cyde repeats many times during the DNA separation process. Furthermore the time 
pulse durations of the 1,2 alternation should be substantialy equal to the time durations of the 3,1 
altemalion to obtain straight and well-allgned separation lanea. 

48 Successful DNA separattona wHh the aubiect Invention have bean made with altemaHon frequencies 
from 10 herti to 800 Wlohertz and horiiortal field reversal limes of from 20 seconds field trending to the 
right followed by 20 seconds field trending to the left foltowed by 20 seconds field trending to the right and 
so on. on up to substanllalPy longer times. 

IMore signiflcantiy, suoceasful very large DNA separations wfth the subject Invention have been made 

so wHhallsmationf^equendeafiromeOkltoheflztoeoOWIoherlzandcroas^ 

seconds field trending to the right followed by 60 seconds field trending to the left followed by 60 seconds 
fisid trendlr^ to the right, and so on, on up to bnger times such as 3,000 aeconda In each direction. At 
times on the order of 200 seconds and longer and at alternating frequencies of 50 to 800 KHz. whole 
chromosomes from yeast species S. Cerevlstae (200 to 2 kb) and 8. pombe (3W> to 6,700 kb) have 

ss been separated. However, these seperations are dIfficuR and require 3^ days without the medlum- 
ftoquency field tntemjpHon pulsing discussed earlier, and to be deacrfbed in detail later. 

The eiectrophoresla tank 85 shown In FIQ. 2 is drawn m a simpllfled fom to Illustrate the principle 
without conhjsing complexity in the diagram, in a prafbnwl embodiment (1) the tank la 20 cm aquare 



11 



EP0396 053A2 



inaldd; (Z) llw agarose gel 90 is 10 cm square by about 4 mm tNck, is locatod in Ihe center of ttie lank and 
ts oomptetely immerBed in the buffer 86 to a depth sucii ttiat its top surface is at least 1 mm under the 
surface of ttw buffer. The forward and crosawsys fields hi the tank 86 are determined by measurlno the 
pofentlBf between electrodes 72-79 and 76-61. respectively, and dividing by 20 centimeters. Pretorably, this 

6 [8 done using DC voltmeter leads that are isolated with 1 megohm resfstors at their measuring tips. 

Instead of four electrodes on each side of the tank, eight electrodes are used to make the efectdc fieM 
within the buffer more uniform. All electrodes are wired as shown in the figure. There are of course still only 
four sets of three diodes, one set connected to each of ttie four corner electrodes in the tank. However. 
Ihene are six intermediate electrodes 4>n each of the four sides of the tank between the comer electrodes. 

10 They are wired exactly as shown for each of ttie four sets of ttie two side electrodes In the figure. 

Since alternation frequencies up to at feast 800 ktioheru are useful whh this apparatus, the dkxles 4 
through 27 are high frequency, fast-ewttching diodes such as type 1N444& dkxles. Hie 1N4446 has a 
reverse recovery time of Just 4 nanoseconds, combined wttti good overload capabflity. 

Since ttie reverse voftage rating of ttie 1M4448 diode cunmtty being used Is only 75 volts, four diodes 

75 are used In aerlea m each of ttie diode poeWons shown in RG. 2. The resultant voltage rattng of 300 volts Is 
more ttian adequate fbr use on the relattvely small 20 cm square tank used fbr eiectrophoresing 10 cm 
square gels. 

In PIG. 3, there Is shown an exposltton of ttie path of the DNA molecule as it migrates in the gel 90 
(RG. 2) having a general directton of migratton indicated at 1 0S, and several vectors of motton shown at 
20 1 01 -1 04 for illustration purposes. 

To obtain ttie overall dinectton of migration 105. several angled migration vectors are altemately created 
In directions which results In the overall migration direction. As shown In RQ. 3. one of tiiese migratton 
vectors, vector 101, is fomned from a series of pulses caused by the rapid opening and closing of switches 
1.1 A and 2.2A aftemately as described in connectkxi wtth FIG. 2. The frequency of altemation between 
25 high-frequency switchings Is high enough so tiiat ttie migration behaves substantially as If tiie field were 
continuous. 

At ttie arrowhead end of migration vector 1 01 . sv^ches 1,1 A (RG. 2} stop alternating wlttt switches 2,2A 
(RG. 2), and swHdies 3,3A (RG. 2} begin alternating rapkliy witti switchee 1.1 A. This changes ttie DNA*s 
migration to the migration vector labeled 102. Again the altemation frequency Is high enough so that the 

so DNA molecule migrates substantially as if it were in a continuous field when moving along vector 102. 

After a selected period of time of migration along vector 102, equal to the time of migration along vector 
101 , ttie altsmation sequence changes back to ttiat that took place from migration vector 101 fonmed by tiie 
rapid aHematton between ckieures of twitches 1,1A and 2,2A. During ttits t^, ttie large DNA motoeuia 
mo\fes along vector 103 in a manner similar to ttiat aa H It were In a continuous fleM rattier ttian a 

36 perpendicularly pulsing ffekl. A furttier reversal takes plaoe at the anowhead end of vector 103 and 
migration continues akmg vector 104. etc. The resulting overall migratton la upwards along the average patti 
105. 

The effect from switching from vector 101 to vector 102, from vector 102 to 103 and from vector 103 to 
104. and 80 on Is to provkle differentially lower mobility for large DNA compared to small DNA. It ts ttiis 
40 stow, overaH obtuse angle change In migratton vector which provides differenttal mobility necessary for ttie 
separation of large DNAs. 

In ttie subject Invention, a large number (preferably over 100} 90<legree high frequency field altema- 
tfons take place to form each fleM migration vector and ttie OO-degree alternations fomiing ttie migration 
vector take place at a frequency greater ttian 10 hertz. Migration vector 101 is Inclined by tiie angle alpha 

49 to ttie direction of overall mlgraitton 105. Migration vector 102 Is Inclined by ttie angle beta to ttie direction 
of overall migration 105. Mgration vector 102 makes an angle of omega witti respect to vector 101. 

The relative enhancement of DNA-gel interaction due to ttie submkaroscopfcally vibrating direction of 
migration during pulsing is believed to enhance tills differential by Increasing the sieving effect in a nnanner 
related to ttie size of ttie molecule In addition to ttie time spent realigning ttie molecule due to horizontal 

60 fiekl reversal. The stabnity of ttie gnsss conflguratkxi during one pulse cycle Is believed to further enhance 
ttils effect K is believed ttiat ttieae enhancement effects account for faster nsedution of large DNA. 

The movement of ttie large DNA strand Is in an unbent lane of movement 105. Tbe words, 'an unbent 
lane", m ttils spedflcatlon, mean ttie DNA does not move substantiaRy at an angle to the overall direction of 
movement eo tiiat during ten centimeters of movement witti respect to ttie gel, ttie DNA does not move at 

5S an angle greater ttian 5 degrees to ttie overeil motion of tiie DNA for a continuous dtotanoe of more ttian 
one4iaif centimeter nor deviate from ttie overall direction of movement by more ttian one-half centimeter 
measured perpendicutar to ttie direction of movement The terminology *no change in gross configuration' 
or "wtttKNJt change m gross conflgunrtton" or *no signlfteanit conformational change" or "no aubstsmial 
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flexuraf bending" moans tn this specification ttiat the respective portions of the DMA retain their respective 
oeometric orfentabon vrtth nsspect to a prevfous observation with no more tf»n 1 mlcfomeler of such 
portions dsviating by nwre than 40 deQrees, nor 2 mlcromatBTS of such portloos de\rt8tlng by more than 70 
. degrees. 

« In these definitions, the time is betvveen the previous observation and ^e observatiofi In question. An 
instrumentai crMerion for Idrces or puises ttiat do not cause significant confbrmat change nor bent lanes is 
that the DNA shouid not migrate more than two pore dtameters of ttie supporting medium during a single 
pulse. Thift is 02 micrometsr for some agarose gels. By "stiff rod* or "stlfT is meant no tendency for the 
DMA molecules to undergo significant conformatlonai change during a pulse period or a series of pulse 

TO periods during which It migrates along an unbent lane inspite of colllstons with particles In the gel. Many of 
fh© torms In this spodflcation are consistent witfi the tenninology provided In volumes 1. 2 and 3 of 
Biophysical Chemistry , by Cantor and ScWmnDol, W.H. Freeman and Company. N.Y„ N.Y., U^A, ttw 
disclosure of which Is incorporated heroin by reference. 

In ttie subject invention, a large number {^fersbly over 100) OO^rse field aHematione take place to 

16 torn each field migration vector and the 90-degree alternations forming the migration vector tsto place at a 
frequency greater than 10 hertz. Migration vector 101 Is indned by the angle alpha to the direction of 
ovocali migration 105. Migration vector 102 Is Indned by the angle beta to ttie direction of overall migration 
105. Migration vector 102 makes an angle of omega vrith respect to vector 101 . 

Angle omega Is equal to ttie sum of angle alpha plus angle bsta. The angle alpha of vector 1 01 is equal 

sa to ttie angle beta of vector 102 since ttie relattve time durations of ttie switching of switches 1,1A and 2^ 
are tfie same as ttiat for switches 3,3A and 1.1A, Since angle alpha equals angle beta, ttje angle omega is 
equal to two times angle (alpha or beta). It Is usually prelM)Ie to operate witti an angle omega equal to 
about 120 degrees. 

While perpendkulw fields are used in ttie preferred ombodment. other fields acting at angles to each 
2s ottier may be uaed provided ttie pulses do not change ttie overall DNA conflguatlon. ttie time between 
pulses does not relax (allow time to change ttie configuration of) ttte DNA, ttie changes in direction of the 
pulses or polarity of ttie fields does not unduly tDsnd the lane, and the resultant motion is along a 
predictafc)le lane permitting comparisons between lanes. Moreover, the pufses in the orttKtgonal fields or 
fields that are at angle to each other need not alternate on a one-tOK)ne basis but other ratios may be used 
so such as two puises perpendicular lo ttw direction of migration to each pulse at an angle along ttie direction 
of migration. 

The frequencies of pulses to be used and ttie periods of time between reversals of polarity of ttie 
angled fields may be selected more carefully for Individual cases by trial in error since ttie values and 
ranges gh^en herein were setected becsuse of results on only some tests with certain DNA strands. 

36 m RQ. 4, FIG. 6 and RQ. 6, ttiere are shown diagrams Illustrating the manner In which ttie angle of 
migration Is varied using the mettiod of ttie Invention. In RQ. 4, ttiere is shown a graph of field Intensity 
igalnst time having ordinates of Intensity and absdssae of time inustrating ttie relationship of ttie timing of 
ttie swHch ciosurBs in ttie swHchlng devfee 42. which are curves of; (1 ) switching a pattern 51 corresponding 
to tfie time of ttie clos^g and opening of switch pair I.IA; (2) swttcWng patiem 52 conesponding to tiie 

40 time Of ttie opening and dosing of swtteh pair 2.2A; and (3) switching pattern 52 corresponding to ttie timing 
of ttie opening and closing of switch 3.3A. Each of ttie paired switching patterns 51-52 and 53-62 may be 
considered a 2-pha88 pair, and each 2-phase pair Is used to generate an average field vector In ttie tank 85. 

In curves 61 Md 52 In RQ, 4. the puises 54, 54A. and 54B represent closure tinne of switch pair 1.1A; 
and 50. 50A. 50B represent closure times of switch pair 2.2A. The switch closures alternate In time as 

46 shown at 61 and 52, wtth a short duration of time (lOr example. In tiie hundred nanosecond region) between 
stitch closures, during which time alt switches are open so ttiat no set of switches from s given side are 
dosed at ttie time of switches from anottier side and ttie field Is always In one direction. TTie flsW is 
alternately afong tfie general overal direction of migration 105 and from an angle to ttie direction of 
migration. TWs switching pattern produces a migration vector at a rIghtwanJs angle (101 in RQ. 2). Swtteh 

69 3.3A stays open during this migration at a rightwards angle. 

Switch 2J2A opens and stays open during hortzonfsl field reversal lor migration at a leftwards angle. 
TWs migration entails tiie altemation of closures t»tween switch pairs 3,3A snd 1,1 A is shown hri RQ. 4 at 
51 and 53. Switch pair 3.3A is connected to provide opposfte field polartty In electrophoresis tanit 85 
compared to switch pair 2.2A Therefore tiie polarity of ttie pulses shown at 53 are inverted, pnsdudng a 

85 DNA mIgrathmvectcjrBt a leftwards angle (102 In F1Q.3A) Instead of a rigmwards angle. 

The closure durations of swtteh pair 3,3A are shown as 55. 55^ 55B and switch pair l.tA Is open at 
ttiese times. Closure durations of awltch pain , 1 A are shown aa 54, 64A, 540, and switch pair 3,3A Is open 
at ttiese times. Aa was ttie case for switch pairs 1 .1 A and 2.2A, ttiere Is a short period of time, on ttw order 
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of hundreds of nanoseconds, after the time one pair of switches 1 ,1 A and 33A opens, before the other pair 
of swHcties closes. 'XHb time is kept sufficiently short Id ensure thst there are no conflguratlonal changes of 
the DNA between pulses arxii to keep from signtflcarttly decreasing the average voitae^. The time between 
pulses depends on the size of tfie DHA strand but generally should be less than one second and more 

5 commonly are In the mlcrDsecond or nanosecond ranges. 

The engle omega, which Is the angle between one migration vector to the next, is changed by varying: 
(1) the rabo between pulse lengths 50 and 54; and (2) the ratio between pulse lengths 55 and 54. These two 
ralfos are generally equti and pulse length 60 is icept equal to pulse length 55. This is controlled by a 
vartabMuty factor pulse generator whose output is shown in FO. 5. 

10 In fHQ. 5, there is shown the output of this pulse generator, having two states: a low state 420 and a 
high state 421. The pulae generator operates continuously and repetlttvely with the pulse cyde shown as 
422. The pulse starts from low and rises or goes high as indicated at 423. 

The pulse generator is set or programmed to any constant frequency between 10 hertz and 1 
megahertz. By means of an adjustable duty Mor setting. It produces a more or less infinitely variable 

16 pulse time width percentage v^ich width can bo set from substantlaliy zero to the period of one cycle of the 
pulse generator frequency. Pulse falls indicated as 424, 425 and 426 Indicate three of the many possible 
pulse durations. The pulse fall at 424 produces the pulse duration 428. a pulse tall at 425 produces the 
pulse generation 429. and so forth. Due to Imitations In the pulse generator It may not be possible to sMn 
an output that la continuously high as indicated at 421. 

ao Between pulae oydes there may be a short period of low voltage such as 427 and 427A. Commercially 
pulse generator drcuHs are avtflabfe In which this "dead time" Is so small as to be negligible for the 
purposes of the invention. The pulse output of FIG. 2 Is used to generate the pulse pattern of FIG. 4. 

When the output Is high as shown at 421 one of switch pairs 2.2A or 3.3A Is closed and switch 1 .1 A is 
opened so that the Instantaneous electric field Is crossways (perpendicuiar In the preferred embodiment) to 

26 the overadi direction of migration. When the output the pulse generator Is low as shown at 420. both switch 
pdra 2.2A Bid 3.3A are turned off and switch pair 1.1 A is turned on, producing a field such as 54 parallel to 
the overall direction of mtgratlon. The setBng of the angle Is determined by the duty factor of the puise 
timing: the ratio time for wNch pulses 50, 50A. 50B or pulses 55, 55A. 658 are "on" compared to the time 
that pulses 54, 54A. 548 are 'on'. This is illustrated In Fia 6. 

so in RQ. 6, there are shown two tvra-dlmensional vector dlagranrw relating to the pulse duration 
relationships 62 esdsting between 51 and 52 (HQ. 2) and the relationship 63 between 51 and 53. In diagram 
62. Ihe iengtf) of vector T50 conresponds to the relative time duration of pulses 50, 50A, 508 and tiie length 
of vector T54 corresponds to the relallve time duration of the pulses 54. 64A. 548. In diagram 63. vector 
TBS coniesponds to the time duration of pulses 56, 55A. 65B and vector T54 Is the aame as In diagram 62. 

as If there are no sIgnWcam changes in DNA configuration between a pulse period composed of pulees 60 
and 54, there wlfl be no change in efectrophoretic mobility over the pulse cycle. The conformational 
changes due to conventional low frequency pulse duration patterns affect short term electrophoreflc 
mobfltty. However It has been discovered tiiat If the pulses are fast enough, unpreddentaliy fast for gel 
electrophoresis of large Df^ there Is either no groea change In DNA configuration lor some size DNA 

40 during the pulse cycle and no significant change in mobilty during the pulse cyde In some sizes of DNA or 
tiie changes may wtth proper preparation improve resolution of the DNA. 

With ttie mobility constant over ttw pulse period, migration may bo treated as a linear, tfmeHnvariant 
system. The resultant migration vector for rapid pulse alterations repeated numerous enough times may be 
treated aa tiie two-dimension vector sum of the relative pulse durationa. This is indicated as the migration 

45 vector 101 shown in vector diagram 62 of RQ. 6. The vector component T50 corresponds to the relative 
time !n tiie Held is perpendicular to tfie direction of migration. wHh migration to ttie right in the gel 90. 
The angle alpha in diagram 62 corresponds to the angle alpha In FIG. 3. The vector component T55 
<(^ram 63} Is equal and oppositB to vector component T50, so the perpendk:uiar directions cancel wHh 
respect to tiie path of tiie lane in tiie overall DNA separation. The direction T64 is the overafl direction of 

60 migration (105 In RG. 3). 

Dtagram 63 shows time durationa T54 and T55 used as component veclore to generate tiie migration 
vector 102. As with diagram 62, this Is only oonrect If the switching frequency between tiie pulses 54 (FIG. 
3} and 50 or 55 are fast enough so that there are significant conflguraiUonal changea In the DNA during Ihe 
pulse cyde. 

66 If tiw slow arteration period described by Schwartz, D.C.. and Kovel, M. (1989). "Confomiational 
Dynamics of Individual Dl^ Mdeoules during Gel Electrophoresis," Nature 336:520^ were used, it 
would be difflcuit to define veclore 101 and 102 since electropfioretic mobtii^^ld not be constant during 
the pulse alternation cyde due to oonfbmnational changes of tiie DNA. Under ihe Influence of a suddenly 



14 



EP0 386 083 A2 



applied electric fleW, the DNA develop* oortformatfonal change over a period of time. The instantaneous 
mobKHy depends upon conformatiori change which increaaes wfth both field and Hme. 

If the DNA Is in a field which Is perpendlculafly pulsed repeatedly and relatively slowly (on the order of 
seconds) the conformation differs significantly between the beginning and end of each pulse. This is not a 

6 seff-canceflhg effect since the perpendicular pulse pattern Is repealed over a number of Identical cycles. 
Mobility will be time and voltage dependent and a true migration vector cannot be developed. 

Operation at sufRdently high frequencies (greater than ca. 10 idlohertz) tends to suppress secondary 
effects of the Instantweous fleW on the DNA such as flexural bending due to etectnostaBc Induction of 
dipoies In the DNA. In aqueous buffer ^xive 10 Mloherlz. the relaxation time ("time constant") of 

10 movement of even a segment of DNA is so short tfiat it behaves somewhat lite a stiff rod and tends to be 
slower ttian tiie period of field aHsmation. 

At such high frequencies, flw viscous friction of the buffer wKNn ttie surrounding pones ol tii© agarose 
gel opposes bending of tiie DNA. even on a minute scale, as the perpendicular fleW aftemates. Since ttie 
length of a DNA segment ttial begins to act stiff Is about 60 nanometers, and the pore size in agarose gels 

IB Is about 150 nwomelers, varying the pulse frequency above or below 10 idlohertz can advantageously 
affect tiie sepsration by varying ttie DNA/<gel interaction. 

At higher frequencies, only a very short and qutts stiff segment of DNA can move against the buffer 
viscosity. At such high frequencies, tfie viscous friction of ttie bufl^ wifliln tiie sunounding pores of the 
agarose gel opposes bending of the DNA, even on a minute scale, as the perpendicular field alternates. 

20 As shown In RG. 8, the angles alpha and beta are each equal to ttie arctangent of the time period of 
ttie ciDssways field multiplied by the voltage at tiiat time, dhrtded by the ,time period of tiie forward field 
(field along the dlreotton of average overall migration) muitipiled by the voltage at ttiat time- The time period 
is multiplied by tiie pulse voltage because tiie DNA movement is tiie product of the two, since with high 
frequencies ttiere am no signlllcant conformational changes m ttie DNA during each pulse. Accoifdingly, ttie 

25 DNA mobility is constant over tiie pulse cycle, ft the pulse voltage is constant, as in a prtferred 
embodiment, its effect cancels out witii respect to ttie angles alpha end beta. 

Since ttie angle omega (FIG. 3) equals alpha plus beta, omega equals two times ttie arctangent of ttie 
time of one crossways pulse divided by tiie time of one pulse in ttie direction of overall migtation. Thus, ttie 
angte omega can be set from essentially zero up to IdO degrees by varying tti© duty factor of a pulse 

30 generator to produce variable wfdtti pulses as illustrated in HQ. 5. 

In FIG. 7, tiiere is shown a Node diagram of an early version swIteWng mechantom 42A Indcatod as A& 
In FIG. 2 having: (t) a power supply 12j (2) a switching mechanism circuit 45 wtth a forward switch circuit 
47A. a light switch circuit 47B and a left switch circuit 47C; (3) pulse generator circuit 238; and (4) logic 
dfcult 43. This circuit performs well when operating at frequencies up to 70 kfioheftz. 

96 The power si^ipfy 12 is connected to tiie switch drcuHs 47A, 47B and 47C in tiie switching mechanism 
circuit 45 ttirough conductors 280 end 261. The logks circuit 43 la connected to: (1) pulse generator circuit 
ttirough caWe 183: (2) left switch circuit 47C ttirough conductor 182; (3) right switch circuit 47B through 
conductor 181; and (4) forward swHch circuit 47A ttirough cable 183 to conductor 180. 

The swttcWng mechanism 42A operates slmllariy to ttie swltehlng mechanism of the preferred 

40 embodiment, and in ttie interest of simplicity h v\rtll be explained first 

In FIG. 8. ttiei^ Is shown an electrical schematic drawing of ttie power supply 12 and the swrftching 
mechanism circuit 45 aid in FIG. 9. ttiere Is shown an electrfcai schematic drawing of ttie pulse generator 
circuit 239 and logic drciitt 43. 

The switching mechanism 42A Incorporates: (1) a pulse generator integrated circuit 138 and Its ancMary 

4S puis* genemtor drcuitry 239 (FIG. 9): (2) logic drcuitry 43 (FIG. 9); and (3) swHching mechanism drcuftry 
46 witti tiie switches ttiemsehw indicated as l.tA. 2,2A and 3,3A in a fonorard switch drcult 47A, a right 
switch circuit 47B and a left switch dreult 47C (FIG. 8). The logic drcuitry 43 Is made of CMOS, NAND 
gatos type 4011B. NOR gslos type 4001B, D ffip^lops type 4013B plus andltary discrete logic drcuitry. 
The v»teblo wkfth pulse generator 138 (FIG. 9) produces a pulse of conttnuoosly variable duty factor 

50 from 0 percent to almost 100 percent at a frequency tiiat may be selected between 10 hertz to over 100 
kilohertz and is a SiBcon General integrated drcutt type 3525A used in a circuit taken from appUcsttons 
literature provided by ttiat company. 

In ttils drcuH. capacttor 138 (FIG. 9) determines ttie general frequency range selectable by variable 
resistance 135 in aeries wttti ttie fixed 4.7 K resistor 134 (RG. 9). A wide range of pulae frequencies may be 

S5 selected wftti a conventional switch (not shown) lor selecting dWerent values for cap««or 130 (FIG. 0) to 
cover ttie 1 0 herU to over 1 00 Wlohertz frequency range for creaflng tiie field aHamation rales useful for tills 
^iparBtus in a manner known in ttie art For example, wtth a 0.0022 microfarad capacitor 139, a tOOK ohm 
variable reaistor 135 and a 4.7K ohm resistor 134, a frequency range of about 5 to 100 kttohertz resutts 
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from adusting the value of variable resistor 135. A 0.044 microfarad capacHor providos a frequency range 
of 290 hertz to 5 kHoherlz, etc. The firequency corresponds to the period (60 + 64) or (55 + 54) In HQ. 4, 
the frequency of one compfete perpendicular switching cycle of the fleids. 

To set the duty factor of the pulee generator's output pulse, a ten^tum potentiometer 141 is connected 

6 In series with 301 ohm and 500 ohm resistors 140 and 142 to vary the vottage on pin 2 of the Integrated 
circuit 138 (RG. 9). The 1 K resistor 143 and 0.047 capacKor 144 provide stability compensation for the 
error amplifier in integrated circuit 138 and the 0,1 mlcrofarBd capacHor 141A bypasses noise from the duty 
factor setting input at pin 2 (FIQ. 9). 

The output from the pulse generator integrated drcutt 239 is talon from pin 13 of the integrated circuit 

10 138 (FIQ. 9) 80 as to provide a 0 to almost 100 percent duty factor instead of a 0 to 50 percent duty factor 
available from other outputs. This 0 to almost 100 percent output is on lead 350 which is suppled with puil- 
up resistor 137 to lead 350 to a high (-»- 15 volts) logic level when cunnent does not flow into pulse 
generator 138 through pin 13 (FIQ. 9). When current flows tiirougb pin 13, this pulls potentiai on lead 350 to 
a low logical level near 0 volts. 

IB To control the field in the electrophoresis tank 85 (FIQ. 2). the logic circuitry 43 includes the control 
Inputs 301, 302 and 303 (FiG. 9) which are connected so that (1) control Input 303 turns the field In the 
eiectrophorests tank on and off; (2) a conventional switch (not shown) Is connected between circuit 303 and 
the +15 volt supply for the user to turn the field on and off; and (3) a personal computer 303A programmed 
as a conventtonal repeafhg interval timer, whteh may be similar to like anrangements cften used In the 

20 pulsed electrophoroals art (e.g.. Bancroft. I., and Wolk. CP. (1088): BIOTECHNIQUES 7 7405-7418). Is 
connected to terminal 302 Id control the longer-time durations of the migration vectors (lOT, 102 bi RG. 3). 
This timer has a fixed 50 percent duty factor. 

A conventtonal switch (not shown) Is connected betwewi temnlnal 301 and +15 volts. When this switch 
is closed, the fleicl perpendicular to the direction of overall migration is switched off and only the fieW 

26 parallel to this direction is left on. This Is a diagnostic feature intended for investlgatkxi of migratton 
properties during experimental use or evaluation of the apparatus. 

When temilnal 303 Is at a iogkial Ngh voltage, the collector of transistor 156 is low. puling low: the pin 
6 Input of swItchKxxilroiiing NOR gate 178, the pin 12 kiput of swltciKJontrollIng NOR gate 173 and the pin 
2 Input of switch-controlling NOR gate 148 (FIQ. 9). This enables these three NOR gates to turn on the 

so respective switch pairs 2,2A, 3,3A and 1 .1 A. The NOR gates are types 4001 B. 

Each of the switch pairs 1,1 A, 2,2A and 3.3A (FIQ. 8), three sets of switches, driving gates and related 
drouits are identical m6 operate In an identtoal manner. Thus, only switch-controillng NOR gate 148 and 
switch pair 1.1A. will be described in detail. 

m swHch pair 1.1 A, the switch elements 1 and 1 A (FIQ, 8) themselves are n-channel MOSFET 

36 enhancement-rtwde power transistors, Motorola Type MTP1N60, This transistor was selected because it is 
capable of handling up to 600 volts and 1 ampere, more than sufficient for the appiteatton. It is not deslrairfs 
to use a higher cunent transistor for this appllcatk)n, even apart from cost, because the higher gate 
capacHance of a larger transistor makes submterosecond switching times diffkxilt The transistors are 
indtcaled as 113 and 131 in RQ. 8. The drain of transistor 113 is connected through lead 261 to the positive 

40 terminal 601 of power supply 12 (HQS. 2 and fl). 

The power supply 12 is decoupled by switcNng transient suppressor elements comprising .05 
microfarad, 600 volt capacitors 201, 201 A. 206 and 206A, fen-lte beads 202 and 205, and 4.7 ohm resistors 
203 and 204 (FIQ. 8). These filter elements prevent switching transients frxxn transistors 113 and 131 (or 
any of the other MOSFETs from disturbing the reguialton of power suppiy 12 (RQ. 8). Transistor 131 has Its 

4s source connocted to common potential lead 260 (FfG. B). This makes Its gate drive circuit simple as the 
gate drh^e circuit may also be referenced to common potentiai. However, IransistDr 113 has Hs source 
connected through cunrent Rmitlng reststor 112 to the positive parailei direction fleU output terminal and 
lead 132 (RQS. 2 and 8). The voitage at this temilnal changes very rapidly and frequently as the apparalus 
operates and therefore the gate drive for this MOSFET transistor must be isolated. 

60 To this end. a Type 6N136 optofsolatDr 1 15 has been used as shown hi RQ. 8 to isolate the gate drive 
of transIslDr 113 from the togic circuitry. The Isdsdon of rapid voltage changes by the 6N138 optolsolalor 
115 between Hs Input light emitting dtode 116 and Its output ciroultry 117 and 118 is limited by Internal 
capadtwce effects. The 6N136 optoisolBtor ITS is useful only for power supply 12 for voKages up to about 
200 volts because of the fast switching speeds used. 

S5 The prefenwl embodiment uses a Hewtelt- Packard HCPL-2411 optkjsolator which has much better 
"dv/dt* (high speed, high swttoNng voHage) Isolation. The HCFL-2411 Is wired slightly differently from that 
shown in RQ. 6, as indicated In Hewlertt-Packard optolsolallon product lltarsturB. 

When the pulse output lead 350 from the pulse generator 138 goes high, capacitor 147 charges very 
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rapWIy (much fastef than one mtcrosecond) through <fiode 146 (FIG. 0). The rise In potentiel on pin 1 of 
NOR gate 148 (HQ. 8) brings tts output lead 180 (FIQ.S 8 and 9) low. Thte qutaWy luma off tranefetor 118 
by removing the supply of base cunrent through reslelor 120 (FIQ. 8). With collector current no longer 
flowing through transistor 119, »ght emitting diode lie In optolsolstDf 116 furrw off (FK3. 8). Current stops 

5 flowing through optically coupted photocHode 117, tuming off transistor 118 within optoisolator 115 (FIQ. 8). 
Current flowing throu^^ resistor 107 then flowe through the base of transistor 114tumlng It on (FIG, 8). This 
discharges the gate capecHance of power M08FET 113 through resistor 109, very rapidly turning off 
MOSFET 113; «nd opening switch 1 (RQ. B). 

Slmuitaneously. the low voltage on lead 180 turns off transistor 125 which has been receding base 

10 cunent frcwn resistor 122 (FIG. 8). CapacHor 124 Is connected betvireen the base arxl emitter of transistor 
125 to simulate the time delay associated wfth optoisolator 115. so that transistor 126 tums off at 
substantially the same Instant that transistor 118 tums off (FIG. 8). The turn-off of transistor 125 allows 
cunent through resistor 126 to flow Into the base of tranristor 127, discharging the gate capcNsltance of 
MOSFET 131 and thus very rapidly turning switch 1A off and opening swHch 1A at the same time as the 

16 opening of swttch 1 (HG. 8). 

Later In the pulse cyde when the output of pulse generator 138 on lead 350 becomes low, capacitor 
147 discharges througti resistor 145 (FIQ. 9), This taicos 1 to 1-1/2 microseconds and after this time, the 
output lead 160 of NOR gate 148 goes high (FIG. 9). C^hsre is no such delay In the previous or following 
part of the pulse cycle when lead 1 80 (RQ3. 6 and 9) goes low thereby turning off switches 1 and 1 A (FIG. 

£0 8)). However, there Is a 1 to 1-1/2 microsecond delay before lead 180 goes high, thereby turning switch 
jpairs 1 and 1A on (FIG. 8). 

Since alt three of the switch pairs 1,1 A. 2,2A and 3.3A (RG, 8) are controlled through a similar fast turn- 
off, slow turn-on circuits, the result Is that on each transition, the previous switch tums off 1 to 1-1/2 
microseoonds before the next swttch tums on thereby avoiding short circuits. 

25 Whsn switches 1.1 A are turned on and lead 180 goes high, transistor 119 tums on by means of base 
current supplied through resistor 120 (FIQ. 8). This lights LED 118 In optoisolator 116 turning on phortodiode 
117 and amplifying transistor 118 (RQ. 8). Cun-ent through the collector of tranststor 118 brings the base 
IransistDr 114 ^Q. 8) low and h tunw off. The gate capacitance of MOSFET 1 13 charges up through 16 
Wlohm resistor 108 until It reaches a potential of about +10 volts, where zener diode 110 clamps It at that 

30 level (FIG. 8). MOSFET 113 (FIG. 8) tums on as the gate swings up past about +6 vote. Meanwhile, the 
Hgh level on lead 180 (FIGS. 8 and 9) tums on transistor 125 with base currant through resistor 122 (RG. 
8). C^dtor 124 (RQ. 8) delays this operation to match the time delay associated with optdsolalor 116 
(RG. 8) so that both switches 1 and 1 A (RQ. 9) turn (an off) at the same time. 

For switch 1, 5.6 volt zener diode 104 and capadtor 105 set a regulated potential for operating the 

96 photodtode 117 In the optoisolator 116 (RQ. 8). Zener dkxle bias is suppBed by 100 Wlohm resistor 106 
(RQ. 8). Overcun^nt damage to transistor 113 (and transistor 131 wrhlch is effectively connected in series 
with it) Is prevented by resisbir 112 and twwtetDr til (RG. 8). If the current exceeds 0.8 ampere, the 
vDitage drops across reelstor 112, tums on transistor 111 shorting to the gale of MOSFET trwMiator 113 to 
a low potential tending to turn It off (RQ. ^. This descrfpdon also apples to swttch pairs 2,2A and 3,3A as 

40 well as switch pair 1 ,1 A (RG. 8). 

To electrophoretically separate Of^ larger than one million base pairs in size, ordinary pulsed 
eiectrophoresis of large and very large DTM utilizes times between changes In fisid direction ranging from 
about one mbute to one hour. The disclosed Invention superimposes field perturbations having time 
durations on ttie order of 100 to 1000 mlMaeoonds at repeating Intenrals on the order of 1 to 16 seconds. 

45 This enables a very signlffcanf Increase in the speed of separation and In the maximum size oT DNA that 
may be separated on a practical hsasis. Complete chromosomes of the yeeat Schizosaccheromyoee pombe 
(972) md of the fungus Colfetotrlchum trtfoHl can be separated in less than 20 hours. 

An transistors in FKSld. 8 W 9 are type 2N3904, with the exception of the MOSFFTs MTPineo and 
ttie iranslstofi In the opIolsoialDrs. Switch tum-oft befbrs the next switch tum-on Is prtmarthr provided by the 

so resistor-dtode-capacitor nelworl^s 145-146-147, 175-176-177 and 170-171-172, rospeclhwiy at the Inputs of 
NOR gates 148, 178 and 173 (RQ. 8). Ttiey cause each of die respeclhffl swttch pairs 1,1A. 2,ZA and 3,3A 
(RQ. 8) to turn off about 1 to 1 .5 microseconds before the next one starts to turn on. 

TTie size of resistors 108 and 128 in switches 1 and 1A is sufflclently large so that the turn-on time of 
the MOSFET tranalstDrB 113 and 131 is about 1/2 microsecond (RQ. 8). This also appifes to the MOSFFTs 

66 in switches 2. 2A. 3 and 3A (FIG. 8). Shorter tum^ times than 1/2 microsecond provide some degree of 
problems wHh transient reverse recovery cuments through the diodes connected to the electrophoresis tank 
85 (Ra 2). The MOSFET lum-off limes, which are set by the resistors 109 and 128 In switches 1 and 1A 
(and oorresponding reslstorB in swKches 2, 2A. 3 and 3A). are about three times as fast as the tum-on times 
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to provide further ensurance that one pair of MOSFET awltches turns off iMfore the next pair turns on. 

The gates of switch 1 (and of courae also awttches 2 and 3) (FIQ. 8) and sssodated driving ctrcuftry 
operate froni an isolated power suppfy. Each such Isolated supply Is dadved from (ow vottage AC circuttry 
IndiKllng a stepdown transformer 268 (FIQ. 8) having Its primary connected to 120 volt AC malna on its 

6 prtmary. rt8 secondary produces IB volts AC on leads 270 and 271 (FIQ. 8). 

To supply the drive power for the switches 1 r1 A, 242A. and 3M, a first winding (the 16 volt virlnding) of 
& similar transformer 101 Is connected to these two leads (RG. 8). TTie second winding of transfonner 101 
produces an AC voitage aufficiem to develop ^130 volts t}C on lead 282 when half wave rectified by diode 
103 connected to a flrat side of the second winding and the rectlfled DC is smoothed by filter capadlDr 102 

10 (FIG. 8). The negative end of the fllter capacitor 102 Is connected at 272 to the second terminal of the 
second voltage winding of the transformer 101 and to the pulse output tennlnal 132 (RG. 8). The puise 
output terminal 132 Is ths common or reference potential for the circuitry of switch 1 (HO. 8). The 15 volts 
AC on leads 271 and 270 supply the floating drive power for switches 2 and 3 in an Identical manner (FIQ. 
8). 

15 To st4)ply a positive 20 voHs for the switch drcuHs 47A. 47B and 47C (FIG. O). or 15 volts for the logic 
circuit 43 (FIG. 9), the potential between leads 270 and 271 la also rectified by bridge redKler dkxiea 291, 
292, 293 and 294 to provide +20 volts (FIQ. 8), Conventional +16 volt integrated circuit regulator 298 (RG. 
8) is supplied wtth this +20 volts and produces tiie regulated +15 volts also required in the pulse 
generator chcult 239 (FIQ. 9) and logic circuitry (RG. 9). 

20 When control tenmlnal 301 of tiw logic drcuHry 43 (FIQ. 9) is low, the collector of transistor 188 is high, 
putting a logical high on the D input of the flip-flop 163 (HQ. 9). The next time the output on lead 360 flfom 
pulse generator 138 goes high, the Q output of 153 is cloclted high providing an enabling Input to NAND 
gate 154 (RG. 9). This brtngs tiie output of pin 11 of f^AND gate 154 low and the output of ptn 10 of NOR 
• gate 155 high (RQ. S). This enables tfie input 1 of NAND gale 174 and input 5 of NAND gate 169 (RQ. 8). 

2S When the computer-implemented interval or cyde timer connected to tennlnal 302 is logically low, ttie 
collector of tranafstor 162 goea high putting a high on the D Input of fllp4lop 166; and if ttie Inferval timer is 
high, tt>e D Input of flip-flop 165 Is low (RQ. 9). At tiie end 427A (RG. 5) of every pulse cyde 422 (RQ. 5), 
puise generator 138 (FIQ. 9) produces a very short duration positive puiae at its pin 4. This turns on 
transistor 150 through resistor 149, bringing its collector low (RG. 9). TWs bdnga output of phlO of 

so NAND ga:ts 1 52 high producing a clock signal at pin 3 of fllp^op 165 (FIQ. 9). 

If the cycle timer connected to terminal 302 has changed state since the preceding dock pulse, tiie Q 
output at pin 1 and ttie not Q output at pin 2 of flip-flop 165 reverse tfieir logical states (FIQ. 9). Rlp-ftop 
165 (RG. 9} is used to ensure tiiat ttie migration vector does not change m the middle of a high frequency 
pulse aftematlon cycle by synchronizing migration vector changes wftti ttie end of a Ngh frequency pulse 

35 cyde. The network composed of diode 176, resistor 175. capacitor 177 and NOR gate 178 (RQ. 9) ensures 
that switch p^r 2-2A (FIG. 8) turns on only after the previously on switch pair turns off. NOR gate 178 (RQ. 
9} controls switch pair 2.2A (RQ. 8) ttmough lead 181 (RQS. 6 and 9). NOR gate 173 (RQ. 0) controls 
switch pair 33A (RG. 8) tiirough lead 182 (RQS. 8 and 9). 

It was later found out tiiat it Is not necessary to aynchronlze migration vector changea with ttie high 

40 irquency pulse cyde because tiie latter is so fast tiiat tiie DNA does not move signiflcantiy during tiie pulse 
cyde. However, tiiis synchronizing circuit was found useful for synchronizing ttie migration vector changes 
wHh tiie much sicfwer. medium frequency field Interruption pulses which are algnlflcant to tiie present 
Invention. 

In RQS. 10-12, ttiere is shown another embodiment of the high frequency iwo-phaae pulse generator 
46 akxig witti ttie means for provkfing medhmi frequency flekt Intemiptions having a forward switch circuit, a 
light switch drcdt and a left switch circuit each of which la shown at 47(5 (RQ. 12), a logte drcult 43A 
(RQ. 11), and pulse generator drcult 238A (RQ. 10). WItii tire eo(ceptton of ttie medium frequency 
Interruption pulse circuitry, the drcult of RQS. 10-12 Is similar to and, a refined version of» ttie circuit of 
RQS. 8 wd 9. 

60 In RQ, 10, ttiere Is shown a schematic drcult diagram of a pulse generator drcult 238A similar In 
function to ttie putoe generator drcuit 239 In RQ. 9, but In whk:h tiie pulse generator 138 Is replaced In 
pulse generator drcult 239A by voltage controlled oadllator 138A of type HC4046A. one-half of a dual D 
fflp-fiop 450 of type HC74 and dual high speed monostable multivibrator 462 of type HC423. kitegrated 
drcuit designations starting "HC" or "AC" are specific part types from tt>e generic high spesd CMOS 

66 Integrated drcuit families 74HCXXX or 74ACXXX respectively. The pulse generator drcult 239A kidudee 
NAND ga tea 460 and 462 of an Integrated drcuit of type HC(X) and a r40R gate 464 of an Integrated 
drcdttypeH002. 

In ttie pulse generator circuit 238A. ttie frequency oTttie vottage controlled oadBalor 13aA Is ac^usted 
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l)y controlling the voltegs on Its ^In B by means of the "FREQ" potentiometer 454. Ito frequency iwge is 
set by the capacftor 4ae connected between Its pins 6 and 7 and the resMor 488 connected to Its pin 11. 
tts output at pin 4 feeds the dock Input pin 3 of flip-ttop 460. The latter is connected as a divide by two 
circuits and is used to insure that the two Inputs provided to the dual monostable multivibrator 462 at Ka 

5 pins 1 and 9 are exactly equal and symmetrlcai. The control 458 Is a "SYM.DELAY". which cooperates with 
capacitance on pin 8 of multMbrator 452 of type HC423, Is actlusted so that the output pulses of the 
multivlbr&tDr 462 at pins 13 and 6 are symmetrlcaily spaced, such as those ahowm at 51 and S2 In FIG. 4. 

This control of the output pulses Is necessary because multivibrator outputo occur after the input pulse 
and are therefore not symmetrical In time both before and after the Input pulse. TTie two HCOO NAND gates 

to 460 and 462 to the right of multlvibratDr 452 of type HC423 are designated NAND gate In the chip HCOO #2. 
The ■#2" suffbc mersly indicates that these drculte are located In an integrated circuit chip arbitrarily 
designated as 

The other HCOO Integrated drcuK chip on this schematic is designated 'HCXX) #1 " (not shown). Each of 
the two HCOO chipe contains four independent NAND gates (not shown}, and the HC02 chip contains four 

15 Independent NOR gates. The two HCOO #2 NAND gates 460 ar»d 482 connected to the complimentary 
outpote at pins 13-4 and 5-12 of multivibrator 462 of type HC423 Insure that their pulse outputs at pins 8 
and 11 do not overlap In spite of the pulse width aettings which are set by the "CROSS" potentfometer 488 
and 'FORWARD* potentiometer 470 connected through 2 K resistors 472 and 474 to pins 7 and 15 
respectively of the multivibrator 452 of type HC423. 

20 in RQ. 12. there is shown a schematic circuit diagram off the logic circuit 43A having a medium 
frequency pulse generator 500, flip-fiop 502. Inverters 504, 508, 508, 510 and 512, NAND gate 614, and 
NOR gates 518, 520 md 522. and OR gates 524 and 528. The "CROSS" potentiometer 488 controls the 
pulse width at pins 5 and 12 of multivibrator 452 of type HC423 (FIQ. 10). Therefore, through Ite pin 5 THE 
"CROSS" potentiometer 468. trough pin 5 of multivibrator 462 of type HC423 controls ttw pinl 1 output of 

86 the NAND gate 462 in the chip HCOO #2 which controls the duration of the high frequency pulses and the 
Wgh frequency field In the etectrophoresis tank 85 (FIQ. 2) In the direction at right angtes to overall long- 
term migratk)n of the DNA. 

The "FORWARD" potentiometer controls the pulse width at pins 13 and 4 of ttw multivibrator 452 of 
type HC423 (RQ. 10) wid, through the pin 13, controls pin 8 of the NAND gate 460. The latter sets the 

ao duration of the high frequency pulses which control the high frequency flel d in the electrophoresis tank in 
the direction paraltol to overall average migration direction of the DNA. 

Compiementory (inverted) pulses at pins 4 and 12 of muWvibfaior 452 of type HC423 are applied to 
Input pkis 10 and 12 of NAND gates 460 and 462 respectively to Insure that simultaneous pulse outpote 
(pulse overtap) do not occur ai the output pins 8 and 11 of NAND gates 460 and 462 roapectively (RQ. 10). 

35 Tbe output at pin 8 of tt« I^ND gate 460 la led to pin 5 of the NOR gate 518 in HC02 which functions as 
an Inverter and provides the control sfgnal for the fonvard directton switch. 

The 595 Integrated drcult pulse generator 900 provMes the medhim^equency fieM interruption pulse 
control signals, Intermptkm pulse Hmes of 50 milliseconds through 1^ mllilaeconda may be set with the 
"PULSE WIDTH" potentiometer 528. The rspetitlon time of Intenruption pulses may be set «rtth the "PULSE 

40 SPACING" potentiometer 531 from 1 second tiirough 16 seconds. Of coorea, the maidmum repetition rate 
Is not availabte when using tiie maximum Irrtenuption pulse wWth. 

The negative-going putee output from pin 3 of tira 555 integrated circuit pulse generator 600 Is applied 
to pin 5 of inverter 606 where K Is inverted and fed to pin 3, tiie clock Input, of D flip ftop 602 of type 
401 3B. A computer-knplemented repeating interval timer 534 is connected to the D input of tills fHpHtop 

46 ti>nxigh a 10K resistor 532. The fllp-ltop 502 synchronizes ttw left (and right) direction control signals from 
tiie computer-Implemented interval or cycle timer 534 wltii tfte pulsing from the type 665 integrated circuit 
pulse generator 500. The result is ttiat a field intemjpOon pulse always occura at ti» same time as a 
migratkm direction change. After rsceMng a direction change signal from tfie computer source of pulses 
834, mp-flop 602 in dual fRp-ftop HO 4013B waite for tiie next pulse at Ite pin 3 before changing the state of 

80 ite Q output to agree with that of Its D Input. Slmuhaneoualy, ttie pulse at pin 3 of flip-flop 502 In dual flip- 
ftop HC 4013B Is lead to pin 8 of NOR gate 484 (HQ. 10) of type HC02. 

The output at pin 10 of NOR gate 484 of type HC02 ttien shute off botti sections off dual monostable 
multivibrator 462 of type HC423 by activating Its NOT RESET Inputs at pins 3 and 11 (RQ. 10). TTila shute 
Off Ite pulse outpute at pins 13 and 6, shutting off botfi ttie "FORWARD" output connected at pin 8 of NAND 

ss gate 480 m tiie chip HCOO #2 and ttw "CROSS" output at pin 11 of ttie NAND gate 482 in ttie chip HCOO 
#2 (f=lQ. 9). This shute off ttie fteW (n tiie tank 85. At ttie end of ttie pulse at pin 3 of ttie flip-flop 502 in dual 
fllp-ftop HC 401 3B. ttie flekJ turns on again. 

The migration direction output at pin 1 (Q output) of Urm fllp^op 602 in dual tilp-ftop KC 4013B te fed to 
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pin 8 of inverter 512 of type HC14A where it is inverted end fed to pin 4 of NAND gate 514 in ttie chip 
HOOO #2. Pin 6 of f^D gate 514 is fed to pin 12 of NOR gate of type H002 which enables NOR gate 620 
of type HC02 to respond to cross direction field pulses at its pin 11 when the computer calls for migration 
toward the rfghL Pin 11 of HC14A inverter 904 Is connected to pfri 8 of HC14A Inverter 51^ Pin 10 of the 

s HC14A inverter 504 Is connectad to pin 2 of NAND gate 516 In the cMp HCOO #2 and tht« signal Is inverted 
from tha signd at pin 4 of NAND gate 514 In the chip HCOO #2. 

Therefore, the output of pbi 3 at the second NOR gate 628 In the HC02 enables NOR gate 622 In the 
HC02 at its pin 3 to respond to cross direction pulses from the high frequency pulse generator when the 
computer source of pulses has an output conespondlng to migratfon In the leflwante direction. The two 

10 4050B tMjffere 536 and 536 connected to the pki 6 Input of NAND gale 514 fn the chip HCOO #2 and the 
single 4050B buffer 540 connected to pin 1 of the NAND gate 516 in the chip HCOO #2 provide a time delay 
that insures that the control circuit will not attempt to instantaneously hjm on both the rightwards and 
leftwards migration outputs for a short instant between migration changes from rightwards to leftwards or 
ieflwarda to rightwards. 

IS In FIG. 13. there is shown a schematic circuit diagram of one of three dual switching circuits 47 a\ 47B' 
and 47C'. The three identical dual switching circuits are simllar to that in FIQ. 7 and operate In a similar 
manner. 

Dlfferenoes In the switches 47A-47C and 47A'-47C' are: (1) the optoisolator 600 In eech isolated switch 
is an HCPi^ll driven by an AC42 intsgrsted drculf 602 Instead of a 6N136 optoisolator driven by a 
so 2N3804 transistor; (2) a 8N75372 Integrated circuit 604 M08FET driver Is used to drive the base of the 
MTP1 NOG translator 606 Instead of a 2N3804 IransiBton (3) Integrated circuit 7805 voltage regulator 608 is 
used Instead of a 5.6 volt zener dtode to supply power to the low voltage circuitry: and (4) the isolating 
power transformer 610 used Is a 120 to 12 volt AC 8tancor SW-212, chosen for its low primary to 
secondary capadtanoe. 

2B Many other snuUI, bobbin wound transfomters would be equally satisfactory in this respect However, 
the transformer 610 should be mounted so that Its core has low capacitance to all other circuit points, 
including the circuit common. The 8N75372 driver 604 turns on the M08FET power transistor 606 through 
a 47 ohm resistor 612. 

The 8N75372 integrated circuit Is a dual device. In order that the turn off of the transistor 606 be faster 
30 than the turn on of the transistor 606, additional turn off paths of series connected 1N4150 diodes 614 and 
616 and &2 ohm resistors 618 and 620 are connected to the gate of the power field effect transistor 606 
and each of the dual outputs at pin 6 and pm 7 of the SN75372 driver 604. Its dual input terminal Is ptn 2. 
The MOSFET turn on time te about 50 nanoseconds and the turn off time Is about 26 nanoseconds. This 
helps prevent mors than one pair of the dual switches from being on at one time. 
35 The nonisolated power field effect transistor 626 te driven through the similar SN75372 drive drcutt6M 
which In turn Is driven at ite pin 2 by an HCOO #1 NAND gate 628. The HCOO #1 NAND gate 628 has two 
Inpute, one of which at 13 is connectad directly to the puise control signal irom the control circuitry and the 
other through a delay drcuK 630 consisting of a 680 ohm resistor 632, 47 picofarad capacitor 634 and the 
relatively slow propagation time of a 4050B buffer 636. This delay circuK of approdmately 90 nanoseconds 
40 ensurss that the non-isolated power MOSFET in each dual switch turns on after the isolated MOSFET lums 
on. 

This delay circuit has no effect during tumoff so the non-isolated power MOSFET 626 turns off before 
the isolated one, because of the modest (Ca. 55 nanoseconds) propagation delay of the HCPL2411 
optoisolator »0O h the isolated MOSFET dOe'^gle path. It helps prevent more than one pair of the dual 
48 switches 47A'-47C' from being on at one ttme. This dual swttcNng circuit 47C' provides the very fast and 
precise timing accuracy and stability necessary for switching up to 500 volte at a frequency of up to 1 
megahertz. 

To provide for field interruptions that are short-4lms perpendicular field direction changes Instead of 
short-time field cutoffs, the 4-pole. double throw SYritchinB annngoment shown in FIQ. 13 is added to the 
w circuit of RQS. 10-12. In RQ8. 10-12, the field Is cut off during Interruptions by resetting the dual 
monostabto multivibrator 452 of type HC423 (FIO. 10} by carrying the Interruption pulse from pin 3 of the 
synchronizing fllp^ 602 In dual flIp4lop HC 4013B to the pin 8 Input of NOR gate In the HC02 whose 
output is connectad to the pin 3 and pin 11 NOT RESET Inpute of monostabfe multhribraiDr 452 of type 
HC423. 

as There is shown In RQ. 13 a modKlcalion of the schenrvatlc of RQ. 11 to provide nr>edhim frequency, 
short duration, perpendicular change in ftokj direction having: <1) an AC157 quadruple 2-inpot nrjultiptexer 
Nitsgrated circuit 800; (2) a run/stop control including a type HC02 NOR gate 464A and 330 ohm resistors 
604 and 606; (3) a right pulse train control Including an Inverter 512A hi the HC14A. an inverter 604A. the 
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multiplexer 600. 4060B amplifiers 638A and 638B and r4AND gate 514A in the cNp HCOO #2 fonning a lime 
delay 608, a conductor 521 and NOR o«te 520A In the HC02; (4) a dodc pulae train control havingaNAND 
gate 4e2A [n the chip HOGG #2 and a conductor 521; (5) a left pulse train control having Inverters 612A and 
604A connected to the mulfiplexer 600. 4060B ampHfier 640A. NAND gate 616A In the cNp HCOO #2 and 

5 NOR gate 622A In the HC02; (6) a forward pulse train control having NAI^D gate 482A of the chip HCOO #2 
and NOR gate S16A In the HC02: and (7) an Intentiption control having a connection at pin 1 of the 
integratBd cticuit 600 with pin 3 of fltp^ 502 in dual fllp^ HC4013B (FIQ. 11). 

A run^stop control 1$ used to start and atop the mumvibrator Integrated circuit 452 (RG. 10). Typically, 
this control Is used to turn on ^ efectrophoresis voltage at the start of a separation run and turn off the 

10 voltages at the end of a run. The Inverter 510 (RQS. 1 and 11) has Ks Input connected through resistor 609 
Id receive an on/off signal voltage originating from the computer-implemented Interval timer 534 (FIG. 11). 
THa raslator 604 is connected to NOT RESET pin 10 of dual high speed monostable multivlbratDr 452 of 
type HC423 and resistor 600 la connected to NOT RESET pin 3 of monostable muitivibraior 452. When tt>e 
on/dff signal voltage from the computer is loglcaliy high, this resets t)Oth the FORWARD and CROSS 

75 sections of the multivibrator 452, shutting off the high frequency pulses to the electrophoresis tanic 85 (FIQ. 
2). When this signal voltage Is logically low, this turns on the high frequency pulses to the tank 65. 

T]ie right pulse train control Is used to control the right pulses. To send a pulse to right dual switching 
droiit 47B' (corresponding the left dual swHcMng circuit 47G' of RG. 12), a pulse Is received by pin 8 of 
inverter 512A through pin 1 of flip-flop 602 In dual flip-flop HC 4013B (FIQ. 11). The pulse Is Inverted and 

20 then transmitted to Inverter 504A which returns the pulse to its original voltage level. The pulse Is then 
received by input pin 10 of the Integrated circuit 600 which Is connected to Its output pin 0 during 
internjptions and Its pin 11 is connected to pin 9 and Its pin 14 Is connected to pin 12 between 
InterruptiorTS. The output pin 9 Is connected to NAND gste 51 4A directly at its pin 4 and Indirectly ttirough 
ampllflera 63eA and 53aA to pin 6 of the I^ND gate 614A This causes a time deiay of the pulse to pin 12 

as of NOR gate 620A The output pin 13 of NOR gate 520A la connected to an AC32 OR gale in the right dual 
switching circuit 47B' (not shown) corresponding to the AC32 OR gale 602 of the left dual switching circuit 
47C' (RQ. 12). 

Output pins 13 and 12 of the dual high speed monostable multivibrator .462 of type HC423 (RG. 10) are 
cormected to the input pins 9 and 10 of the NAND gate 460A of the HOOO #2 dMp and the output pin 8 of 

so the NAND gate 460A is connected to pins 3 and 5 of the integrated circuit 600. During Interruptions, pin 3 
or the integrated dnoult 600 ia connected to pin 4 and between Intemipttone, pin 5 of the integrated circuit 
600 is connected to pin 7. To send l^h frequency pulses to the right dual switching circuH 47B , pin 4 of 
the Integrated circuit 600 is connected through conductor S21 to conductor 625 at 523, which conductor 625 
Is connected to NOR gate 520A in the HC02 at Its pin 11. 

55 The left pulse train control controls the pulses to the left dual switching circuit To send pulses to left 
dual switching circuit 47C' (FIQ. 12). a voltage level is transmitted to pins 1 1 and 13 of the Integrated circuit 
600 flirough the Inverter 51 2A by the flip-flop 502 (RQ. 11). During interruptions^ pin 13 of the integrated 
CircuH 600 Is connecfed to pin 12 and In turn is received by; (1) pin 7 of the amplfier 540A before being 
received by NAND gate 616A at Its pin16; and (2) NAND gate 616A at lis pin 2. Output pin 3 of NAND gate 

40 516A is connected to pin 3 of NOR gate 522A and output pin 1 of NOR gate 622A Is connected to pin 1 of 
AC32 OR gate 602 (RQ. 12) and pin 13 of IStAND gate 628 of the chip HCOO #1 (RQ. 12). 

The forward pulse train control controls the pulses to the fonrard dual switching drouit 47A'. Pulses are 
transmitted through pins 13 and 12 of the fnonoatable muMvibrvtor 462 to pins 0 and 10 of NAND gale 
460A Output pin 8 of NAND gate 460A ia connected to pins 5 and 3 of the Integrated drcuit 600. Between 

46 interruptions pin 5 of the Integrated circuit 600 is connected to its pin 7. During tntenuptions. pin 6 of the 
Integrated draJit 600 Is connected to Hs pin 7 which is then connected to pin 5 of NOR gate 5iaA Output 
pin 4 of NOR gate 51BA is connected to pin 5 of an AC32 OR gate and pin 5 of a NAND gate of the chip 
HCOO #1 in the forward dual switcNng circuit 47a' (not shown) con-espondlng to the AC32 OR gale 602 and 
IMAND gate 628 of the left dual switching circuft 47C' (RQ. 12). 

80 The intemiption control is used to enable or dlssble the field intemjptfon pulses from the type 656 
integrated circuit pulse generator 500 (RQ. 11). Because there is no connection between pin 3 of flip-flop 
502 In dual fllp^p HC 401 SB (RQ. 11) and pin 8 of NOR gate 464A in the HC02 In this embodiment and 
pin 8 of NOR gate 484A in the HO02 Is grounded, the Interruption pulses do not cut off ttie electric field, 
instead the Inten-uption pulses are led from pin 3 of flip-flop 502 (RQ. 1 1) in dual flip-flop HC401 3B to pin 1 , 

ss the selection input of the AC157 quadruple 2-input multlpiexer Intsgraled circuit 600 which is connected as 
a 4iX)le double throw switch whose switch poaHlon is set by the logic voltage on pin 1 of the integrated 
drouit 

A 4^la double throw twitch Is used because it can produce perpendtcular direction changes. ITw 
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fonowing trigofiometric identity of equation 3 supports this. 

hi equation 3. "A" represents the time duration of one high frequency pulse crossways to the direction 
of overall aver^ mioratlon and B repreaenta the time duration of one htgh frequency puiae in ttie direction 
parallel to tital of the overall average migration of the DNA. Thus, ttie dtrecflon of tiie field cart be made to 

s shift 90 degrees l>y using ttie normally "fomwrd" pulses from pin 8 of fMANO gate 480A In ttie cWp HOOO 
#2 to control the field in the right or left (cross) direction; and to use the normally "cross" pulses from pin 
11 of ttie fiMiD gate 462A in ttie chip HCOO #2 to control ttie field in the fcxward directior FIG. 10). The 
minus sign In ttie argument on ttie right side of ttie equation means ttiat ttie right and left voltage pufse 
outputs to ttie tank 85 (RQ. 2) must also be reveraed. This is accomplished by reveraing ttie pin 2 and pin 

TO 4 inputs of two of the NAND gates 516A and 514A bi ttie chip HCOO #2. A 4-f>ole double ttirow switch can 
easily be used to reverse two Independent circuits, since a 2-poie double throw switch can be used to 
reverse one Independent circuit. 

Between Interruptions, pin 1 of ttie AC157 integratBd circuit 600 Is low. At tills ttme. Its pin 2 Is 
connected to pin 4, pin 5 is connected to pin 7. pin 11 Is connected to pin 9 and ph 14 Is connected to pin 

76 12. These oonnecflbns provide ttie same drcult patti as in RG8. 10-1^ During intenruptiona. pin 1 of AC157 
Is high. \n ttiis case, pin 3 la connected to pin 4. pin 6 is connected to pin 7, pin 13 is connected to pin 12 
and pin 10 is connected to pin 8. This change constftutss reversals In accordance with the trigonometrtc 
Identity above and tiierefore tiie field cfirection in ttie tank 85 changes perpencHcularly In a direction more 
oriented ttian not toward the direction of the overall average direction of DNA migration. 

20 The iniem4>tion$ need not necessarily be aharp or pulse-like. PerturtMrtions tiiat are eitiier sharp or 
gradual can aooomplah ttie required functions. 

The optimum pulse durations lor perpendicular field Interruptions are shorter ttian tiie pcdse directions 
for flekJ^aitoff Intenuptions or ttie power supply connected to ttie drcoK of FK3S. 8 or 12 should be turned 
down to a lower vottage during tiie interruption pulses if perpendicular lnten\iptions are used. This Is 

as necessary ao that while there is enough time for relaxation of tiie counterion sheatti during such 
mterrupttons, tfiere is not sufficient time for a significant lengtii of DfMA to change direction. 

The buffer in tanic 85 (ftq. 2) ahould be kept wea circulated to prevent pH changes at ttie electrodes 
from causing crooked migrating lanes. The preferred mettiod of buffer circulation Is to continuously sHr tiie 
tank 85 (FIG. 2) witii a pair of rotating paddles Immersed In tiie bufier and whose patti describes a single. 

90 horizontal, drde In the space between ttie gel 00 and the electrodes on tiie inside periphery of the tank 8S 
(FIG. 2). A speed of 16 to 20 rpm is adequate. To prevent dislocation of the gel, it Is allowed to remain in 
aitu on its glass casting plate after pouring. The glass plate and tiie attached gel Is tiien fit between plasdc 
lo^ng strips glued onto tiie inside bottom of tiie tank 85 (FIG. 2). The space defined by tiiese strips 
corresponds to ttie dimensions of the glass plats, so the plate la held in place. 

36 

EXAMPLES 



40 The apparatus used was tiie 2-phaae htgh frequency vecKH'-generation pulsed gel electrop h oresis 
apparatus of tiie type described alxrve. ft has been found tiiat Increasing the frequency of tiie high 
frequency pulses to 400 kik>hertz. provides impnsved performance wltti ordinary pulsed gai electrophoresis. 
TTie frequency of 400 kllohertz may be an optimum as it appears to provUe tiightiy better perfonmance 
tiian 800 Mkihertz and 400 Mlohertz at a duty factor of 75 percent was used as a 2-pha8e high frequency 

46 vector generatton frequency lor pulsad gel electrophoresis incorporating addfttonal medium frequency 
interruptions. 

A pulsed gel electrophoresis switching angle of 120 degrees was used. Experiments were made witti 8. 
pombe chromosomal DNA; starting witii 30 minute switching times between changes In ttie angle of 
migration, a field sti^ngtii of 1.5 volts per centimeter, and a running time of 70 hours. In the first 

so experiments. 10 mllliseoond mediunv-frequency fieM cutoff tntemiptions were used at a repetition rate of 
onoe per second. There was no marked Improvement In the separation. 

The aecond experiment uaed 100 mlDlseoond cutoff Interruptions every five seconds, licit only did the 
bands become sharper in tiie second case but the velocity of migration actualiy Increased In spite of a 
slight decrease In the average field due to the 2 percent off-time of ttie interruptions. This is attributed to 

6S decreased bunching. L^tar experiments established ttiat good 8. pombe separations can be made in well 
under 20 hours merely by raising ttie field to 3.1 volts per cenffmetar, changing ttie Interruption timing to 
160 millisecond interruptions every 2^ seconds and ttie switching time to 46 minutes per angle change. 
Comparable rsauhs were obtained wfth chromoaomal DNA from tiie fungus Colletotrichum trtfoill. All 
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separaHona were made wflh the OJBk TBE butter oommonly used for ordinary pulsed field gel eleo- 
trophoresls. 

Some of the procesees of Ihte Invention can be performed using nnore general apparatuses such as Ihe 
PACE system described In BIrren, B.W., Lai, E, Clark, 8,M., Hood, L and Simon, M.I. (1888), "Optimized 

6 Condrtlons ftx Pulsed Field Qel Bedrophoretk; Separations of DMA." Nucleic Adds Res. 16:7563-7582 and 
In OaiK 8.M., Lai, E.. Bimsn. B.W. and Hood. L. <l98e) . "A Novel Instrument for Separating Large DNA 
Molecuies wHh Pulsed Homogeneous Elecbic Fields,' Science 241:1203-1205. However, simpler leas 
expensive equipment can be used. For example, It Is only necessary to have two pairs of etoctrode sets on 
four sides of the gel and simple controls for pulse frequencies and polarity changes rather than a computer 

ro which varies values for many Independent electrodee and the compllcatlna dnxiltry. The electrodes are 
open circuited by a diode transistDr combination when not supplying pulses rather than being clamped to a 
fbod potential and thus sneAk paths are avoided In relatively Incxpenalve circuit adapted to perfbrm the 
mettiod of this appficaUon. 

As can be understood firom the above description, the electrophoresis apparatus of this invention has 

76 several adve^nages, such as for example: (1) It Is relatWely uncompiex and inexpensive; (2) It Is able to 
separate large DNA molecules; (3) It does not result Irr bent or curved lanes of travel of the DNA; (4) It Is 
veiaatile In handling differant sizes of DNA strands; and (&} Ks uncompiex nature malces It easy to use. The 
Internal eiectaronio design which provides for this versatility does not require an external computer or a 
matrix of matched or expensive drcutts, each of wNch muat be Independently adjusted or programmed. 

so Thus, K la easier to uee and Its cost Is much lower then the PACE system. 

Although a pwfen'ed embodiment of Ihe Invention Is described with some particularity, many modlfica- 
Hons and verlaiiona of the prefenred embodiment ere possible without deviating from the invention. 
Therefore, it Is to be understood that within the scope of the appended claims the Invention may be 
practiced other than as spedflcaliy described. 

28 

Ctalma 

1. Apparatus for pulsed field electmphoresls having a gel electrophoresis medium (90; RO. 2) and a 
90 circuit (ejg. 42. 4-36) arranged to change the direction of an dectric field within an electrophoresis 

separatfng a unit (90) at a first frequency characterized by drcolt components (42) tor changing the electric 
field In another manner at a second frequency at feast twice as high as the said first frequency. 

2. Apparatus according to dalm 1 characterized In thet the circuit components (e.g. 42. 4-30; 43. 46; 
RQS. 7-13) for changing the electric field at a second frequency Includes components for changing tiie 

36 magnitude of the electric field or components for changing the direction of the electric field or components 
for changlr^ the angle of the field to Impart a zigzag path (FIQ. 13) to DHA molecules being separated. 

3. Apparatus according to etOier dalm 1 or dalm 2 characterized in that the first frequency has a period 
greater than 20 seconds. 

4. Apparatus accoreflng to any of claims 1-3 characterized In that the drcult components (42, 4-30: 43v 
40 45) for changing the electric field In another manner includes drcult components for applying peiturbating 

Intenruptlon pulses not exceeding one-half of the period of the rapiBtltlon of Intermptions, 

6. Apparatus according to any of claims 1-4 characterized In that the drcidt (42, 4-30; 43. 45) ananged 
to change the direction of Ihe electric field at a first frequency is a cIrcUt (47A) for applying a first pulsed 
electric field paiaHel Id the direction of overafl migration of 01^ In the electrophoresis nnedium with first 

46 pulse durations and a first pulse ftoquency for a first pulsed field duration of at least 20 seconds and tfie 
drcuit components (47B) for changing the field In another direction Include components applying a second 
pulsed electric field at an angle perpendicular to the direction of overall migration, wherein said second 
pulsed electric field starts with a first polarity and undergoes a first continuous time period d rapid pulses 
having pulse dursQons occurring between different ones of said first pulsed field durations at a frequency 

so equal to said first pulse frequency muitipled by an Integer or a reciprocal of an integer and repeating the 
sequence, each time alternating the frequencies of tt>e first and second electric field pulses fdr an extanded 
period of time. 

6. Apparatus according to any of claims 1-5 chsraderized In that said drcuit (45) Is arranged to provide 
said flist «rd second pulsed electric fields with a frequency selected between 10 hertz and 1 megahertz 

«0 and have poises which attemate with each other. 

7. Apparatus according to sny of daims 1-6 charadarized by a swNchlng circuit (43) ananged so that 
the rale of the said rapetitibn. the direction and magnitude of the first and second pulses ore selected In 
•ccordmce wHh ttie size of the molecules being resolved wherein moderately large molecules are 
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separated wtth a field wfiich periodically changea direction at a low frequency and larger moleculea are 
separated wltti a fteM which periodically changes direcUon at a k>w frequency but fncorporates addHlonai 
higher frequency perturtuttons that reduce buncHng. 

a Apparatus according to any of daims 1-7 characterized by: 
6 first (71-73, 77-a)) and second (71, 80-82; 74-77) and third eleclrode means (71, 80-82; 74-77) adapted to 
be connected to an electrophoresis gel holding means (90): • 

said circuit being arranged for applying a first pulsed electric field parallel to the direction of overaO DMA 
migration to said first eleclrode means (71-73. 77-80); and for applying a reversible second pulsed electric 
field orthogonal Id the dlredkm of overall migration produoed in a first direction by said second electrode 
10 means (71. 80-82; 74-77) and produced In a reverse direction by saM third electrode means (71. 80-82; 74- 
77); 

said second pulsed electric field starting with a first polarity and undergoing a first continuous time period of 
rapid pulses having pulse durations occurring between different ones of said first pulsed electric field at a 
frequency too high to induce frequency-synchn)nous gross conformationa! change in the DNA for applice- 

16 tion to said second electrode means; for continuing said first continuous time period for a time greater than 
one second, fCHowed by a first reveraal of the polarity of the said second pulsed field; wherein the said 
reversed polartty second field undergoes a second continuous time period of rsptd pulses wHh said first 
pulsed electric field at a f?«quency too high to Induce frequency-synchronous gross conformation change in 
the DNA for appRcetion to said second eiectrode nrteans; said second continuous time period of rapid 

20 pulses continues for a time greater than one second, fbliowBd by second reversal of the second pulsed 
electric field back to the said first polarity, so that cydlc altsmationa are similar to that of the said first 
period of alternation; for repeating the sequence for an extended period of time. 

8. Apparatus according to claim 8 characterized in that the circuit for continuing Includes timing means 
for causing said first and second continuous time periods to be equal and the drcott for applying said 

2s second pulsed electric field includes means for generating voltage pulses having the aame duration but 
reversed polarity and the circuit for generating Include means for generating pulses having a frequency 
selected between 10 hertz and 1 megahertz. 

10. Apparatus according to any of claims 1-8 chaFBCterlzed by means for adjusting the frequency of 
said generated pulses above and below a frequency on the order of 3 Ulohertz to opfttmizs t3NA/gel 

90 interaction. 

11. A method of pulsed field electrophoresis In which the direction of an electric field within an 
elec1rophor«sis separating unit is changed at a first frequency; and the electric field In another manner 
characterized In firat the electric Held Is also changed at a aecond frequency at least twice as high as the 
said first firequency by changing the magnitude of the electric field or the direction of the electric field, or 

90 the angle of the field or a combination of the two. 

12. A method according to either of claims 10 or 11 characterized in that the magnitude of the electric 
field and the characteristics of the perturbations are selected to avoid bunching acroas the probable length 
of the first segment of DNA to its first direction change wherein the first direction change is In a range from 
between substantially 00 degrees to an angle greater than 90 degrees. 

40 13. A method acoorcflng to any of ciaima 10-12 characterized In that a first pulsed electric field is 
appBed parallel to the direction of overall DNA migration with first pulse durafions and a first pulse 
frequency for a first pulsed field duration of at least 20 seconds; a second pulsed electric field Is spptied at 
an angle peipendlcular to the direction of overall migration, wherein said second pulsed electric field starts 
¥rith a first polarity and undergoes a first continuous time period of rapid pulses having pulse durations 

46 oocuning between different ones of said first pulsed field durations at a frequency equal to said first pulse 
frequency multiplied by an integer or a reciprocal of an integer, and the sequence Is repeated and at each 
repelitfon. aHsmating the frequendee of the first and aecond electric field pulses for an extended period of 
time; said first and second pulsed electric fields have a frequency selected between 10 hertz and 1 
megahertz and have pulses which aitemate wfth each other. 

60 14. A method according to any of claims 10-13 characterized In that the rate of the said repetition, the 
direction and magnitude of the first and second pulse durations are selected in accordance with the size of 
the molecules being resohred wherein moderately large molecules are eeparated with an average field 
which periodteaiiy changes direction* at a tow frequency and larger molecules are separalBd with s field 
which periodlcaliy changes direction at a low frequency but incorporates additional higher frequency 

BB perturtMtlons that reduce bunching. 

16. A method according to any of claims 10-14 In which the magnitude of the field and the 
charvtsrisfic of the porturiMiion are selected to avoid buncNng across the probable length of the first 
aegmsnt of DNA to its first direction change wherein the direction change Is In the range of substantially 00 
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degreet to a value grealBr than 90 ctoorees. 

16. A method accorcfing Id my of deims 10-15 characiertzed in that ihe second putoed electilc field 
perpendicular to the direction of overafl migration, v^tierefn said second pulsed electric fleW starts with a 
flfst poiartty and undergoes a first continuous time period of rapid pulses having pulse durations occurring 

ff between dmerent ones of said first pulsed electric field at a frequency too high to induce frequency- 
synchronous gross oonfofmatlonai change in the DNA and continuing said first continuous time period of 
rffild pulses for a time greater than one eecondi followed by a flrst reversal of the polarity of the said 
second pulsed eledric ffetd; wherein said reversed polarity secoruj pulsed electric field undergoes a second 
continuous time period of rapid pulses Interspersed with said flrst pulsed electric field at a frequency too 

10 high to Induce frequency-synchronous gross conformation change In the DNA; ar>d continuing safd second 
continuous time period of rapid pulses for a time greater than one second, followed by second reversal of 
the second pulsed electric field back to the said first polarity wherein a pattern of alternate first and second 
pulse electric fields atmtlar to that during said first continuous time period of rapid pulses is created. 

17. A method accon^ing to any of claims 10-15 characterized In that the aald first and second pulsed 
16 electric fields have a frequency selected between 10 hertz and 1 megahertz and have pulses which 

alternate with each other, safd frequency Is adjusted above and below a frequency on the order of 3 
kliohertz to optimize DNA/gel interaction. 

18. A method according to any of claims 10-17 characterized by controlling the tlnie of said first end 
second pulsed electric fields with a repeated timing pulse the width of which can be varied from zero to 

20 substantially one period of the saki frequency, wherein a first migration vector off DNA during the time the 
second pulsed electric field has said first polarity may be varied through an angle of 0 degrees to almost 90 
degrees to one side of the overall direction of migration, and during the time the second pJsed electric 
field has the second polarity, migration follows a second vector at an equal angle on the opposite side of 
the overafi direction of migration, whereby the DNA will appear to follow a substantially straight line path in 

28 the diiecllon of overall migration which Is at an angle midway between the said first migration vector and 
said second migration vector. 
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